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ABSTRACT 
The utilization of recycled asphalt shingles (RAS) in HMA pavement applications was 
investigated via Disk-shaped Compact Tension (DC(T)) mixture testing and an  acoustic 
emission (AE) based technique for estimating the embrittlement temperature of RAS-modified 
mixtures and asphalt binders prepared in the laboratory. During AE testing, the AE activities of 
mixture or binder specimens were monitored during cooling from room temperature to -50°C to 
estimate the onset of thermal cracking (i.e., the embrittlement temperature). The purpose of this 
research was to determine the influence of RAS on the low-temperature performance, and to 
investigate the effectiveness of rejuvenators on restoring any loss in said performance.  
 
The study was subdivided into three parts. Part 1 of the study examined HMA mixtures that 
contained varying amounts of RAS (0.0%, 2.5%, 5.0%, 7.5%, 10.0%, and 12.5% by weight of 
the total mixture) which were prepared at three different mixing temperatures (120°C, 155°C, 
and 200°C). It was observed that mixtures containing RAS had lower DC(T) fracture energies, 
higher DC(T) peak loads, and warmer embrittlement temperatures. The results also showed that 
higher mixing temperatures appear to lower the embrittlement temperatures for mixtures 
containing RAS. Part 2 of the study evaluated the effect of varying amounts of rejuvenator (0.0%, 
2.5%, 5.0%, 7.5%, 10.0%, 12.5%, and 25.0% by weight of the RAS binder) on HMA mixtures 
containing 7.5% RAS by weight of the total mixture. It was found that while DC(T) results were 
rather insensitive to rejuvenator content, the embrittlement temperature decreased (i.e., improved) 
with increasing rejuvenator content up to a saturation point at around 10.0% rejuvenator. Part 3 
of the study tested thin, circular-shaped binder specimens containing finely graded (passing 
through sieve No. 50)  RAS material (10.0% by weight of the binder) and varying amounts of a 
rejuvenator (0.0%, 2.5%, 5.0%, 7.5%, 10.0%, and 12.5% by weight of the RAS binder), which 
was added to the RAS either before or after sieving. Issues with debonding between the granite 
substrate and the RAS-modified asphalt binder made AE testing rather challenging. These issues 
called for modifying the beam-shaped geometry that was used for the AE testing of unmodified 
binders in previous studies. The results did not show much change in the embrittlement 
temperature with increasing rejuvenator content, and it was conjectured that the thin geometry of 
the AE specimens governed the onset of thermal cracking more than the additives modifying the 
binder. Further modification of the AE testing of RAS-modified binders is required. 
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CHAPTER 1:  
INTRODUCTION  
In the United States, asphalt concrete plays a very prominent role in infrastructure, especially for 
transportation. According to a recent study, it has been estimated that about 96% of the 
approximately 2.4 million miles of paved roads in the country are surfaced with asphalt [1]. Thus, 
the sustainability of these roads is of crucial importance, and the utilization of recycled materials 
is a very economical and environmentally-friendly approach to addressing this concern. A 
variety of recycled materials have been incorporated into hot mix asphalt (HMA) mixtures, 
including reclaimed/recycled asphalt pavements (RAP), reclaimed concrete, blast furnace slag, 
crumb rubber from scrap tires, glass, fly ash, bottom ash, batter cases, polypropylene containers, 
and recycled asphalt shingles (RAS) from roofs [2-4]. Particularly, the incorporation of RAS into 
HMA mixtures is an emerging practice worthy of attention. 
 
Although a fair amount of research has been conducted on HMA mixtures containing RAS, most 
efforts have only considered destructive testing techniques. Non-destructive testing/evaluation 
(NDT or NDE) methods are very beneficial for evaluating infrastructure because such methods 
do not affect the structural integrity of the test subject. Furthermore, NDT methods are often 
eventually developed to be applied in the field, thus negating the need for taking cores or 
bagging samples for laboratory testing. Accordingly, this study employs a NDT approach based 
on acoustic emission (AE) testing. In the Nondestructive Testing and Evaluation Laboratory at 
the University of Illinois at Urbana-Champaign, the AE-based approach was developed—funded 
by the National Cooperative Highway Research Program-Ideas Deserving Exploratory Analysis 
(NCHRP-IDEA) Program—to estimate the low-temperature embrittlement properties of binders 
and conventional HMA and RAP mixtures [5-8]. The approach has the potential to replace the 
AASHTO-TP1 and AASHTO-MP1A protocols because of its many advantages including 
portable instrumentation and rapid field testing. Here, the approach is extended to the evaluation 
of RAS-modified mixtures. By observing and recording the distribution of energy from AE 
events caused by internal distress due to thermal cooling, the low-temperature embrittlement 
temperature is estimated. (see Chapters 4 and 5 for more on the the AE technique). The low-
temperature properties of RAS-modified mixtures are of primary concern due to the brittle nature 
of the hardened asphalt from the shingles. Although research has repeatedly shown that the 
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inclusion of RAS is beneficial to high-temperature performance, a thorough understanding of its 
effects on mixture characteristics—such as low-temperature performance, binder rheology, 
fatigue resistance, moisture sensitivity, etc.—is essential to confidently utilize this sustainable 
resource to its maximum potential. 
 
1.1.  MOTIVATION FOR THE INCORPORATION OF RAS INTO HMA MIXTURES 
According to the Environmental Protection Agency (EPA), around 11 million tons of asphalt 
shingles are added to landfills in the United States each year, but unfortunately only about 11% 
of this waste is currently being reclaimed and recycled [9-12]. The waste derives from both post-
consumer and post-manufactured sources. Post-consumer asphalt shingles removed from old 
housing roofs—often referred to as tear-off scrap shingles (TOSS)—account for about 10 million 
tons of this waste. The remaining 1 million tons of waste come from the excess shingle tabs or 
cutouts produced by manufacturers, which are usually called manufacturers waste scrap shingles 
(MWSS) [9, 13]. The high availability of this recycled resource has the potential to abate the 
consumption of virgin materials while simultaneously reducing landfill dumping, thus providing 
economic and environmental gains. For example, recycling shingles into pavements would 
eliminate the landfill dumping fee, which has been reported to be as high as $100/ton [14-15].  
Moreover, the EPA reported reductions in greenhouse gas emissions when comparing the 
production of virgin HMA mixtures and HMA mixtures containing RAS [12]. The asphalt binder 
content used in roofing shingles can be as high as 30.0% to 40.0% by weight of the total mixture, 
which is significantly greater than the 5.0% to 6.0% by weight of the total mixture binder content 
that is typical for paving applications. In fact, the percent asphalt content of aged shingles may 
be even greater due to a loss of mineral aggregate from weathering [16]. So although reclaimed 
post-consumer roofing material is often highly variable from source to source and it is comprised 
of deleterious constituents, the high binder content makes the inclusion of RAS in HMA 
pavements even more desirable from a sustainability standpoint. Also, some of the granular 
material and fibers in the shingle waste may act as aggregate and/or filler in the HMA mixture. 
With this in mind, Brock considered the total economic impact of using RAS by assuming a cost 
$400/ton of asphalt binder, $10/ton for aggregates, a $25/ton disposal free, and a $12/ton 
processing cost. Brock estimated that the cost per ton of HMA could be reduced by about $7 by 
introducing 5.0% RAS, which corresponds to an annual savings of nearly $1 billion if all the 
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shingle waste was incorporated in HMA mixtures [14]. Similarly, Hansen concluded a reduction 
in the demand for virgin asphalt binder by at least 2 million tons, and also estimated an annual 
savings of about $1 billion if all 11 million tons of waste were utilized [17]. 
 
1.2.  THE CONSTITUENTS OF ASPHALT ROOFING SHINGLES 
The use of RAS in HMA mixtures makes sense due to the high amount of asphalt binder in the 
shingles; however, it is essential to be aware of the other constituents in the roofing shingles. 
Typically, the amount of aggregate granules in shingles ranges from 40 to 70%, the asphalt 
content ranges from 20 to 40%, and fibrous base material ranges from 1 to 25% [10, 16-19]. 
Figure 1.1 depicts the various constituents as layers of a typical roofing shingle.  
 
 
Figure 1.1. The layers of a typical roofing shingles [20]. 
 
There are different types of granular material used in shingles: crushed rock particles coated with 
ceramic metal oxides, headlap granules (typically ground coal slag), backsurfacer sand, and 
mineral filler [18]. Granular material is placed on both the top and bottom sides of shingles. The 
exposed top surface is covered with a protective layer of the headlap granules and the ceramic-
coated granules that are typically colored for aesthetic purposes. This granular material is 
typically quite hard and of high quality; thus, the load bearing capacity and toughness of the 
aggregate-like material is usually at least as good as that of the aggregates used in pavements [14, 
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18].  The back surface of the shingles is dusted with fine, natural sand to prevent the shingles 
from sticking together when packaged [21]. Additionally, mineral filler, such as powdered 
limestone, is often used to stabilize the shingle’s asphalt to prevent flow when subjected to high 
temperatures [18].  
 
Two types of asphalt used in shingles, saturant and coating, and both differ from asphalt used in 
typical paving applications. The saturant asphalt is mixed with the fibrous base material at high 
temperatures, and then the coating asphalt is applied to both sides to ensure waterproofing and 
the adhesion of the mineral granules [18]. Both types of asphalt are typically air-blown to 
increase viscosity; this prevents flow at high temperatures and produces an asphalt binder that is 
harder and stiffer than those used in HMA pavements [2, 18].  For example, the asphalt used in 
shingles in Illinois normally has a performance grade around PG112+2, which is a substantially 
stiffer grade than that of the state’s most commonly used asphalt for pavement application 
(PG64-22) [21]. Because of this high stiffness, concerns about low-temperature performance of 
RAS modified mixtures are well-warranted.  
 
In general, the base, or mat, material is either organic (such as cellulose felt) or inorganic (such 
as fiberglass). Refer to the now withdrawn standard ASTM D225-07 for organic felt shingle 
specifications and standard ASTM D3462 for glass felt shingle specifications [22-23]. These 
specifications for asphalt shingles are quite broad, so the specific properties of the shingles are 
dependent on the manufacture. Additionally, the post-consumer TOSS material often contains 
deleterious materials—such as wood, nails, paper, asbestos, soil, metal, glass, rubber, brick, 
plastic, etc.—which may be incorporated into the reclaimed material when the shingles are 
removed [11, 24]. Because of this debris and the inconsistencies in the manufacturing processes, 
there is a high variability in RAS from source to source. It is important to consider all of these 
constituents when evaluating the effects of RAS on the performance of HMA pavements. 
 
1.3.  PROCESSING RAS MATERIALS TO BE USED IN HMA PAVEMENTS 
As previously mentioned, RAS material is categorized into pre-consumer MWSS and post-
consumer TOSS. The MWSS derives from the excess material from producing traditional three 
tab shingles (punch-out tabs) and the manufactures’ rejection of shingles due to imperfections 
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such as color variability, damage, or non-uniform coating [21]. Most TOSS is acquired from re-
roofed buildings that are not regulated by the National Emission Standard for Hazardous Air 
Pollutants (NESHAP), such as non-commercial facilities and single-family homes [21]. Because 
the majority of TOSS is from these unregulated sources, the material must be screened for 
asbestos, which was sometimes used as the base material for shingles manufactured before the 
early 1980s. When used, the carcinogenic material was typically less than 1% of the product, and 
thus asbestos is very rarely found in quantities over the 1% threshold to be considered an 
asbestos containing material [25]. Regardless, TOSS is still required to first be tested for asbestos 
before further processing, as seen in Figure 1.2. The diagram further shows that the deleterious 
material in the TOSS is also removed before being shredded to proper size. The contaminants are 
then separated into waste material and recyclable material. The content of the MWSS, on the 
other hand, is known and regulated, so this RAS material does not require such impurity 
screenings. 
 
 
Figure 1.2. Diagram of the production and processing stream of RAS into HMA mixtures, adapted from 
figure by Lippert and Brownlee [21]. 
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Both types RAS materials are typically shredded using large wood chippers. The RAS material 
tends to blend better with the HMA mixture when the nominal size of the processed material is 
relatively small (< ½ inch) [14]. Primary and secondary shedders are often required to achieve 
this gradation, which may be verified via sieve analysis. An example of ground RAS material 
can be seen in Figure 1.3. Once ground to specifications, the RAS material is sent to the HMA 
plant; however, the material is generally stockpiled which sometimes causes issues. In hot 
climates, the stockpiled RAS particles may start to conglomerate due to the high asphalt content. 
Sand is sometimes introduced during shredding to lower the percentage of asphalt binder, thus 
mitigating this effect [3, 14]. Watering has also been used to prevent the shredded pieces from 
clumping together; however, this is not ideal since drying of the material would be required 
before use [10].  
 
Figure 1.3. Sample of ground RAS material. Note the fibrous and granular material. 
 
After processing, the RAS material can usually be fed directly into the HMA mixture using the 
same methods that most HMA plants have in place for incorporating RAP. Mixing times should 
be increased when incorporating RAS to ensure proper blending. Batch plants and plants using a 
continuous double barrel mixer are both well suited for incorporating RAS; however, plants 
using counterflow drum mixers with imbedded burners are not ideal for producing RAS-
modified mixtures. The short mixing time in the counterflow drum is not long enough to 
appropriately melt and mix the RAS unless the RAS material is shredded an even smaller size   
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(< ¼ inch) [14]. Although the production of RAS-modified mixtures is relatively straightforward, 
it is essential to carefully consider the amount of RAS, the type of RAS, and the mixing 
temperature and time.  
 
1.4.  OBJECTIVE OF CURRENT STUDY 
The goal of this study is to examine the effect that RAS has on HMA mixtures. It is well known 
from literature that RAS induces a stiffening effect when incorporated into pavement mixtures. 
In warm climates, the increased stiffness has proven beneficial to rutting resistance; however, in 
cold climates, the increased stiffness will likely generate issues for low-temperature cracking. By 
using the AE-based technique for estimating the embrittlement temperatures of mixtures and 
binder specimens containing varying amount of RAS, the effect of this recycled material can be 
quantified. Additional mechanical testing also provides further insight into low-temperature 
performance. While a growing number Departments of Transportation (DOTs) allow for the use 
of RAS in low quantities (typically  less than 5.0%), this study aims to further understand the 
limitations on the amount of RAS that can be incorporated in HMA pavements without 
sacrificing low-temperature performance. The method in which RAS-modified mixture are 
produced is also explored by considering different mixing temperatures and additional shredding 
techniques. Moreover, the use of rejuvenators (products made to soften bitumen) in varying 
quantities is investigated to determine if such chemical agents can reduce the stiffness of the 
RAS and thus allow for the use of higher quantities of RAS. The method for incorporating the 
rejuvenating agent is also given consideration. Overall, the objective of this study is to gain 
insight of the effects of RAS and rejuvenated RAS on HMA mixtures, specifically the effect on 
low-temperature performance. 
 
1.5.  DESCRIPTION OF EXPERIMENTAL INVESTIGATION 
The primary experimental investigation is divided into three main parts. In Part 1, laboratory 
prepared HMA mixture specimens that contain varying amounts of RAS and that are prepared at 
three different mixing temperatures (120°C, 155°C, and 200°C) are subjected to mixture testing. 
Similarly, in Part 2, laboratory prepared HMA mixture specimens that contain a specified 
amount of RAS and varying amounts of rejuvenator are also subjected to mixture testing. 
Mixture testing includes Disk-shaped Compact Tension (DC(T)) testing to reveal the specimen’s 
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low-temperature performance properties and fracture cracking resistance, and AE testing of 
mixture specimens to estimate the specimen’s embrittlement temperature. Lastly, in Part 3, 
circular-shaped binder specimens that are adhered to a granite substrate and that contain a 
specified amount of RAS and varying amounts of rejuvenator are subjected to AE testing to 
again estimate the embrittlement temperature and to gain valuable insight on the effect of RAS 
and rejuvenators on the adhesion and low-temperature cracking resistance of the modified 
asphalt binder. 
 
1.6. OVERVIEW OF REPORT 
Chapters 2 through 4 of this report provide a review of literature that is pertinent to this research. 
Chapter 2 gives a detailed overview of a collection of studies on the use of RAS in HMA 
pavements. Chapter 3 then reviews current literature on the use of rejuvenators for the 
maintenance, preservation, and/or recycling of bituminous materials. Chapter 4 reviews the basic 
principles of the AE technique and summarizes the use of the AE technique for evaluating HMA 
mixtures and asphalt binder. After the literature reviews, Chapter 5 presents the experimental 
procedures used for each part of the study. The procedures include specimen preparation and 
testing protocols for the mixture and binder tests. Chapter 6 then reports and discusses the 
experimental results for each part of the study. Finally, Chapter 7 summarizes the findings and 
provides some concluding remarks. The appendices give greater detail on the mix design (A), 
present photographs from the sieve analysis of the RAS material (B), describe how the 
embrittlement temperature was estimated from the AE energy data (C), and present a table of 
acronyms used for the reader’s reference (D). 
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CHAPTER 2:  
LITERATURE REVIEW OF THE EVALUATION OF RAS IN HMA 
MIXTURES 
The concept of incorporating of recycled roofing shingles into HMA mixtures began in the late 
1970s and early 1980s, and it was originally mostly reserved for smaller scale, local pavement 
projects [13]. However, the addition of RAS into large scale highway and airport runway mix 
designs has recently become a growing interest of transportation agencies, yet being such a 
relatively new practice, many questions are still unanswered about the effects that RAS material 
has on pavement performance.  
 
One of several consensuses emerging in the literature is that the addition of RAS increases the 
net stiffness of the blended HMA mixture. Recall that the asphalt for the shingles is exposed to 
oxygen to increase viscosity and decrease temperature susceptibility in a process called air-
blowing [13, 18]. The asphalt is thus pre-aged and stiffened significantly by oxidative hardening. 
Furthermore, recall that the type of asphalt used in shingles is different than that typically used in 
pavements; it is a blend of saturant and coating asphalts, which are both harder and stiffer than 
conventional pavement binders [18]. The stiffening effect on post-consumer TOSS is further 
pronounced because the material is usually exposed to the elements for around 15 to 20 years [9]. 
The increased stiffness of the RAS-modified mixture corresponds to a resistance to permanent 
deformation, a result confirmed by the improved rutting performance observed by many 
researchers [10-11, 13, 15-16, 24, 26]. However, the improved high-temperature performance 
may come at the expense of degraded low-temperature cracking resistance. Also, durability 
issues may arise when using the stiff RAS material in pavement applications [2]. Another 
recurrent conclusion is that incorporating RAS indeed reduces the amount of required virgin 
binder; i.e., the asphalt from the RAS is participating as binder for the mixture [2, 10, 15, 18]. 
The economic and environmental value of using this recyclable resource has been a prominent 
motivation for the various studies on HMA mixtures containing RAS which are discussed below. 
 
One of the earliest studies on RAS in HMA mixtures was conducted by Paulsen et al. at the 
University of Nevada in 1986 [2]. The team evaluated the effects of roofing waste from 5 
different states. The mixtures containing RAS were modified with two recycling agents (i.e., 
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rejuvenators) to soften the hard asphalt. Preliminary tests showed that the type and amount of 
additional virgin binder seemed to dictate certain properties of the mixture. The properties of 
RAS-modified mixtures generally fell within acceptable ranges when supplementing the RAS 
material with reduced amount of a softer grade virgin binder. For example, virgin binder of low 
viscosity served to increase the resilient modulus, tensile strength, Hveem stability, and air void 
content. Binder extraction and recovery were also conducted using two approaches that 
employed different solvents and methodology. The results showed that RAS-modified mixtures 
had a high resilient modulus when the binder extracted from the roofing waste had a high 
penetration value and a low viscosity (i.e., a low stiffness). This is counterintuitive since the 
resilient modulus should reflect binder stiffness, but the author accounted for this discrepancy by 
citing inconsistencies that arise in binder characteristics depending on the extraction and 
recovery method. Also, it is difficult to quantify how the much of the asphalt from the shingles 
participates as binder in the mixture. In any case, the study concluded—perhaps prematurely— 
that acceptable mixtures can be produced with up to at least 20.0% RAS, provided a suitable 
grade and quantity of additional virgin binder and aggregate gradation. 
 
In 1993, Newcomb et al. conducted a detailed study on the use of RAS in dense-grade asphalt 
and stone mastic/matrix asphalt (SMA) mixtures [18]. For the dense-grade asphalt mixtures, two 
grades of virgin asphalt binder (85/110 and 120/150 Penetration Grade) and three types of RAS 
(TOSS, felt-backed MWSS, and fiberglass MWSS) were evaluated. For the SMA mixtures, only 
the harder grade virgin binder and the two MWSS were considered. Laboratory specimens were 
compacted for both types of mixtures, and field tests were conducted to validate some of the 
results. The preparation of the samples revealed that the addition of RAS improved 
compactability. From volumetric analysis and centrifugal extraction, it was found that the 
inclusion of RAS indeed reduced the amount of virgin binder required for the mixture. Apart 
from these findings, the main focus of the mixture evaluation was to test the (1) temperature 
susceptibility, (2) moisture sensitivity, (3) low-temperature behavior, and (4) permanent 
deformation performance of mixtures containing 0.0%, 5.0%, and 7.5% RAS by weight of the 
total mixture. The specifics of the test program are detailed in the full report. The following 
paragraph summarizes the results for each laboratory test. Note that the test conducted on the 
field samples produced similar results. 
11 
 
Newcomb et al. determined temperature susceptibility (1) by testing the resilient modulus at 
various temperatures. The results suggested that mixtures containing 5.0% RAS tend to decrease 
temperature susceptibility at cold temperature. The effect was more pronounced for the MWSS 
than for the TOSS as the stiffness did not increase as much at cold temperatures. When 
increasing the RAS content to 7.5%, the mixture stiffness generally decreased at intermediate 
and high temperatures without improvement in temperature susceptibility. Moisture sensitivity (2) 
was gleaned from the comparison of the mixture’s unconditioned (dry) resilient moduli and 
tensile strengths to its conditioned (wet) properties. For the mixtures containing felt-backed 
MWSS and either binder grade, the ratio of conditioned to unconditioned moduli and strength 
did not change much when RAS content increased, thus the moisture sensitivity was not 
influence much by this type of RAS. The results for the mixtures containing fiberglass MWSS 
were inconclusive and the author suggested additional field and laboratory testing. For the 
mixtures containing TOSS and binder grade, conditioning resulted in a greater reduction of 
moduli and strength as RAS content increased (most noticeably in the 7.5% RAS-modified 
mixture with the softer binder). The results suggest that too much TOSS may be detrimental to 
moisture sensitivity. Low-temperature behavior (3) was determined via an indirect tension (IDT) 
test which reported the maximum tensile strength and the corresponding strain. For both grades 
of binder, the addition of RAS decreased the specimens’ low-temperature maximum tensile 
strength. The inclusion of felt-backed MWSS either improved or had little influence on the 
specimen ability to strain at cold temperatures, suggesting a potential improvement in low-
temperature performance. On the other hand, there was a general reduction in the strain at the 
maximum strength for the fiberglass MWSS and the TOSS mixtures. There was a negative 
correlation between the amount of RAS content and the stain for the TOSS specimens, but no 
such consistent dependency was observed for the fiberglass MWSS mixtures. Regardless, neither 
of these RAS materials demonstrated any benefits to low-temperature performance. Finally, a 
static creep compliance test was used to determine creep compliance which is positively 
correlated to susceptibility to permanent deformation performance (4). At high temperatures, the 
creep compliance of the mixtures containing the softer binder decreased with increasing RAS 
content, implying improved resistance to permanent deformation. This improvement, however, 
was not observed for the mixtures containing the harder binder. Overall, the report concluded 
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that the effect of RAS is highly source-dependent, and despite the certain drawbacks mentioned, 
the inclusion of RAS generally resulted in reduced optimum binder contents for both dense-
graded and SMA mixtures. 
 
In 1998, the Georgia Department of Transportation reported on the state’s experience with RAS 
[3]. Watson et al. evaluated two test sections of HMA pavements constructed with 5.0% RAS by 
weight of the total mixture in 1994 and 1995. From visual inspection, the RAS-modified sections 
of pavement showed little indication of distress and compared well to the unmodified control 
sections. From laboratory testing, the gradation and volumetrics of the modified section were 
similar to the control sections, indicating that introducing the RAS did not significantly alter 
target properties. However, one property that did show notable variation was viscosity. The 
results seemed to show that the addition of RAS caused mixtures to harden at a faster rate. In 
other words, when compared to the viscosities measured during initial mixing at the plant, the 
viscosity increased more for RAS-modified mixtures than for the control mixtures. An increase 
in hardness/stiffness may likely positively influence high-temperature performance while 
negatively influencing low-temperature performance. Due to Georgia’s warm climate, this only 
implies improvements in terms permanent deformation, and thus the study supported the use of 
up to 5.0% RAS in HMA pavements. In colder climates, however, thermal cracking 
susceptibility must be addressed.  
 
In 1999, Foo et al. evaluated the effects of including MWSS in both conventional HMA mixtures 
and SMA [16]. For the conventional HMA mixtures, the team analyzed specimens with 0.0% 
(control), 5.0%, and 10.0% RAS by weight of the total mixture for two surface mixtures and a 
binder course mixture of similar gradation. The results from IDT testing showed that the average 
tensile strength of the specimen generally decreased with an increase in RAS content, which 
corresponds to a greater susceptibility to fatigue cracking. Despite this concern, the results from 
dynamic creep tests and rutting tests showed that the addition of RAS decreases permanent 
deformation and increases rutting resistance. This improvement may correspond to a bump in the 
high-temperature PG grade and is a consequence of increased net binder stiffness—which may 
come at the cost of decreased low-temperature performance—and/or the presence of hard, sharp 
granules of the shingle aggregate. Additionally, it was concluded that the volumetric 
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properties—such as asphalt content, voids in the total mixture (VTM), voids in the mineral 
aggregate (VMA), and voids filled with asphalt (VFA)—of HMA mixtures with RAS do not 
significantly differ from conventional HMA mixtures.  
 
In the same report, Foo et al. also demonstrated the potential use of RAS in SMA mixtures. In 
the control SMA sample, 0.3% cellulose fiber was added to limit draindown, or the downward 
flow of asphalt binder through the large gaps in the SMA mixture at high temperatures. No 
cellulous fiber was added to the SMA sample containing RAS to determine if the fiberglass 
component of the shingles could act as a stabilizer (this was similar to the work done by 
Newcomb). However, the draindown percentage for the RAS-modified SMA mixture was found 
to be above the 0.30% maximum requirement. Thus additional additives, such as polymers or 
fibers, would still be needed when using RAS in SMA mixtures. Nonetheless, the volumetric 
properties of the modified mix were very similar to the control mix, thus demonstrating the 
promising potential of using RAS in the production of SMA mixtures. 
 
In 2000, Mallick et al. concentrated on studying the effects of integrating MWSS in HMA 
mixtures [15]. Relatively low levels of RAS were considered (3.0%, 5.0%, and 7.0% by weight 
of the total mixture), and it was observed that shingle modification did not greatly affect the 
volumetric and low-temperature properties of the mixtures. Rutting tests were conducted using 
an Asphalt Pavement Analyzer (APA) on the 5.0% and 7.0% RAS-modified mixtures. As 
expected, rutting performance improved with the increase in RAS content. Indirect tensile 
strength tests were also conducted to analyze low-temperature performance. The results showed 
that the increase in RAS content did not significantly change the tensile strength. Since tensile 
strength, which is related to stiffness, remains relatively constant, the potential for thermal 
cracking did not appear to increase with increasing RAS content. As an additional investigation, 
the asphalt binder was extracted from the control and RAS specimens. After extracting the 
binder from the mixtures, it was observed that the asphalt binder content was similar for all the 
mixes. Since the amount of virgin binder was cut back with increasing amounts of RAS, this 
observation reveals that that the binder from the RAS was indeed participating in the mixture. 
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In 2003, Sengoz et al. tested specimens with RAS content varying from 1.0% to 5.0% by weight 
of the total mixture (increments of 1.0%) [10]. The specimens were subjected to rutting tests and 
Marshall stability was also analyzed. It was found that at the optimum asphalt binder content of 
5.0% (corresponding to 4.0% air voids), the stability increases when 1.0% RAS was included. 
However, as more RAS was introduced, the stability decreased lower than the control mixture 
(no RAS). Nevertheless, the stability values were all still above the minimum requirement of 900 
kg. The decrease in stability with higher levels of RAS may be due to the fact that the virgin 
binder content was not adjusted with the addition of RAS. An additional part of the study 
addressed this issue by testing a specimen 5.0% virgin binder and 0.0% RAS against two 
specimen with 4.5% and 4.0% virgin binder and 1.0% RAS. It was concluded through stability 
testing that the incorporation of RAS indeed reduced the optimum virgin binder content, an 
encouraging result for both economics and sustainability. It was also found that the percent of air 
voids increases with increasing RAS content. Finally, rutting tests showed that the addition of 
RAS improved rutting performance significantly. 
 
In 2010, Maupin investigated the use of TOSS in asphalt pavements for the Virginia 
Transportation Research Council [11]. Two base mixtures and three surface mixtures were 
produced and used in test sections located in various parts of the state. The two base mixtures 
were produced by two different contractors and contained 4.0% and 5.0% RAS by weight of the 
total mixture. Two of the surface mixtures contained 5.0% RAS; one of these was mixed under 
warm mix asphalt (WMA) conditions (250°F and some minor foaming of the binder) and the 
other was mixed under HMA conditions (300°F). Samples were taken from haul trucks for 
laboratory testing. From volumetric testing, it was found that air voids, VFA, and VMA were all 
within the Virginia Department of Transportation (VDOT) specifications. From rutting tests, the 
inclusion of RAS proved to be beneficial for mitigating permanent deformation. The results from 
the fatigue tests indicated that all RAS-modified mixtures were within the endurance limits 
specified by VDOT; hence, the fatigue durability was not negatively affected. From binder 
extraction and recovery, the high and low-temperature grades were determined and compared to 
the virgin PG 64-22 binder. The high-temperature grade increased by 2 to 3 grades for the base 
mixtures with 4.0% RAS and by 1 grade for the surface mixtures. For the base mixtures and for 
two of the surface mixtures, the low-temperature grade decreased by 1 grade. For the surface 
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mixture with the 18.0% to 2.0% RAP to RAS ratio, the low-temperature grade was unchanged. 
The improvement in the high-temperature grade outweighs the degradation in the low-
temperature grade in most of the cases, thus desirably widening the gap between the high and 
low grades. Also, the single low-temperature grade reduction to a PGXX-16 still met VDOT 
specifications. If specifications were not met for the low-temperature grade, a softer binder could 
be used. Lastly, binder blending for WMA was considered. Different mixing temperatures were 
used for two of the surface mixtures: 300°F for HMA conditions and 250°F WMA conditions. 
This was done to see how different mixing temperatures would affect the stiffness of the 
mixtures. A high stiffness would imply more of the stiff RAS binder blended with the virgin 
binder. After accounting for aging, it was found from tensile strength testing that the strength of 
the HMA mixture increased by 62 psi while the strength of the WMA mixture only increased by 
35 psi. This implies that the level of RAS binder participation was lower for the WMA mixture. 
As per these results, the continued use of TOSS was recommended by the author. 
 
In a 2011 study of low-temperature binder properties, You et al. evaluated various asphalt 
binders, one of which being extracted RAS-modified binder [27]. Samples containing 5.0% and 
10.0% of RAS (added to a PG 52-34 binder) were evaluated using the Superpave Bending Beam 
Rheometer (BBR) tests and the new Asphalt Binder Cracking Device (ABCD). The results 
showed the net creep stiffness of the samples increased with increasing RAS content. This is 
again due to the highly-aged nature of the asphalt in the shingles. Therefore, the addition of RAS 
stiffens the binder which can potentially improve the high-temperature grade, but a reduction in 
low-temperature performance may be an unfortunate concession.  
 
Combining RAS with other recyclable materials to use in asphalt pavements is an important 
consideration. In 2011, Cascione et al. tested field and laboratory samples derived from a 2009 
field demonstration project on Interstate Highway I-90 commissioned by the Illinois State Toll 
Authority [13]. The team tested eight different mix designs containing 5.0% RAS and a varying 
amount of fractionated RAP. Each mixture had a nominal maximum aggregate size (NMAS) of 
12.5 mm and utilized a PG58-22 base binder. The eight mixtures were used in different 
areas/layers of the pavement: a base course, a shoulder binder course, and a shoulder surface 
course. Five experimental sections and three control sections were evaluated in the field. From 
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dynamic modulus testing, master curves were constructed for different temperature and loading 
conditions. From the master curves of the base course laboratory samples, it was found that the 
mixtures with a greater amount of RAP improved the mitigation of rutting while somewhat 
degrading low-temperature cracking performance. The tested field samples, however, did not 
show a significant effect on thermal cracking susceptibility. The change in performance was due 
to the increase in stiffness, which was more noticeable between the intermediate amounts of 
RAP (25.0% to 35.0%) than between higher amounts of RAP (35.0% to 45.0%). This 
observation suggests that there may be some practical limit for the amount of RAP used with 
RAS. When comparing mixtures containing RAS to the control mixtures (RAP, but no RAS) for 
each experimental section, it was found that the inclusion of RAS (5.0%) in RAP mixtures 
generally improved high-temperature performance while having little effect on low-temperature 
performance. Furthermore, the RAS-modified mixture used in the base course was less stiff than 
the control mixture at intermediate temperatures, implying that certain RAS/RAP mixtures may 
also potentially improve fatigue cracking resistance. Overall, the study promoted the idea that 
RAS can supplement the use of RAP to make sustainable HMA mixtures with improved high-
temperature performance. 
 
In 2011, Watson et al. also assessed the combined use of RAS and RAP. In one part of the study, 
the performance two field projects from 2008 were evaluated [24]. Specifically, the study looked 
at the effects of RAP and two different types of RAS: TOSS and MWSS. One project monitored 
the condition of three 500 foot sections of pavement. The recycled materials used in each mix 
design are as follows: 5.0% MWSS+15.0% RAP, 5.0% TOSS+15.0% RAP, and 20.0% RAP. All 
three mixtures used PG58-28 as the virgin binder. As expected, rutting was not a prominent issue 
in any of the sections. All sections, however, experienced transverse cracking, most of which 
occurred near curbs, gutters, and utilities (manholes, sewers, etc.). This observation made it 
difficult to associate the damage solely with the presence of recycled materials. Nonetheless, the 
15.0% RAP+5.0% TOSS section performed the best in terms of the quantity and linear feet of 
longitudinal and transverse cracking. The 20.0% RAP section performed similarly, but had 
slightly more cracking; and the 15.0% RAP+5.0% MWSS section performed the worst. The 
other project considered 500 foot sections of a variable thickness, high-speed rural highway that 
was resurfaced with a 2 inch lower layer containing no recycled additives and a 2 inch surface 
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layer containing 25.0% RAP and either 3.0% or 5.0% MWSS. Both layers used PG 64-34 virgin 
binder. It was observed that RAS-modified pavement sustained a significant amount of reflective 
cracks and was very brittle in appearance after the first winter in service. There was also more 
transverse cracking in the RAS-modified pavement than the control section, but no sever rutting 
was reported for any section of pavement. These observations do not seem to support the use of 
RAS material in pavements, but the authors claim that the poor performance could have been due 
to other factors such as “long haul times and late season paving,” which speaks to the importance 
of maintaining the proper compaction temperature. So although the sections performed well at 
high temperatures, low-temperature performance remains a crucial concern.  
 
Another part of Watson’s study involved extracting binder from various laboratory mixtures that 
included RAP and RAS. It was found that the addition of RAP and/or RAS raised both the low- 
and high-temperature PG grades of the binder. The increase in the low-temperature grade can be 
detrimental, so the use of a softer base binder is recommended for colder climates. The TOSS 
had a better grade for both high and low temperatures compared to the MWSS. The difference 
between the TOSS and MWSS was also observed in asphalt mixture testing. Dynamic modulus 
tests showed a general stiffening effect for all the mixtures containing recycled material; 
however, the TOSS mixtures were stiffer than the MWSS mixtures. This could be due to a higher 
amount of aging or greater binder participation of the shingle waste. In summary, the utilization 
of RAP and RAS in HMA mixtures was recommended in controlled quantities. 
 
The widespread consensus that RAS generally improves high-temperature performance was 
further verified in 2012 by Elseifi et al. who study the effect of RAS that was introduced via a 
proposed wet-process [9]. In the wet process, ultrafine particles of ground RAS are blended with 
the binder at high temperatures before mixing with the aggregates. The results indicated that the 
RAS wet process modification generally improves—or at worst, does not affect—the high-
temperature grade of the binder because of the stiffening affect. The study also found that the 
stiffening effect does not influence the low-temperature grade for an optimum RAS content of 
20.0%. 
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In 2014, Wu et al. reported on the performance of HMA pavements containing RAP and RAS 
[26]. Four test sections were constructed in September 2009 in the state of Washington. All test 
sections contained 15.0% RAP; two sections contained no RAS (control) and two sections 
contained 3.0% RAS. Both binder and mixture testing were conducted on field cores obtained 
from the test sections.  Binder extracted from the cores was subjected to performance grading, 
multiple stress creep recovery, monotonic fatigue, and monotonic thermal crack testing.  It was 
found that the addition of RAS can potentially increase a binder's PG grade; however, no 
statistically significant differences in PG grade were observed between binders with RAS and 
binders without RAS. The results from the multiple stress and creep recovery test indicated that 
addition of RAS improved rutting resistance (a decrease in non-recoverable compliance and an 
increase in the percentage of recovery). From fatigue testing using the Dynamic Shear 
Rheometer (DSR), it was found that the presence of RAS did not significantly affect fracture 
energy (an increase in maximum stress, but a decrease in failure strain). Thermal cracking testing 
revealed that the RAS decreased the failure strain; this implies that the inclusion of RAS 
degrades thermal cracking resistance.  
 
Wu et al. also subjected field cores to mixture testing; namely, the Hamburg wheel tracking 
device (HWTD), fatigue cracking, thermal cracking, and IDT tests were conducted. The results 
from the HWTD tests showed RAS improves rutting resistance. Although one of the two tests 
sections containing RAS actually had the greatest rut depth, this was attributed to high binder 
content of the mixture (approximately 1% higher than the other tests sections). The other RAS 
test section had the lowest rut depth, which is in agreement with the improved rutting resistance 
observed in the binder tests. From IDT testing, it was found that the dynamic modulus at a low 
frequency level (high temperature) was higher for mixtures containing RAS, indicating an 
increase in stiffness. Furthermore, the creep compliance at intermediate and low frequency levels 
was lower for mixtures containing RAS, once again indicating better rutting resistance at high 
temperatures. As in the binder tests, there was no significant difference in fatigue properties 
between the mixtures with and without RAS. However, the thermal cracking tests did not show a 
decrease in thermal cracking resistance, as was observed in binder testing. This was attributed to 
the fibers that are present in the mixture (but not in the extracted binder), which may have a 
beneficial effect on thermal cracking resistance. Finally, visual inspection of the test sections 
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indicated that all of the pavements were in excellent condition. Overall, the results further 
enforced the conclusion that pavement containing RAS have improved high-temperature 
performance at the potential expense of reduced thermal cracking resistance. 
 
In 2014, Kanaan et al. conducted tests to quantify the binder replacement effectiveness of the 
asphalt from RAS in fine asphalt mixtures [28]. Three mixtures were prepared with a base binder 
of PG46-34 and 0.0%, 2.5%, and 7.1% RAS by weight of the total mixture, and two mixtures 
were prepared with  a base binder of PG62-22 and 0.0% and 7.1% RAS by weight of the total 
mixture. Using DSR test equipment, the complex moduli, the shear strength, and fatigue 
properties were measured. The results showed that an increase in RAS content corresponds to an 
increase in the complex moduli of the fine asphalt mixtures. The softer binder grade proved to be 
better for producing a mixture with a lower net stiffness (i.e., complex modulus). From the shear 
strength testing conducted at 46°C, it was discovered that increasing RAS content increased the 
strength of the fine asphalt mixtures. Both stress-controlled and strain-controlled fatigue testing 
were conducted using the push-pull technique at 25°C. The results from the strain-controlled 
fatigue tests showed that the presence of RAS reduced fatigue life. However, the results from the 
stress-controlled fatigue test showed that the introduction of RAS improved fatigue life. This was 
attributed to lower initial strains applied to the specimens contain the stiff RAS (i.e., specimens 
with a higher complex modulus). The author mentioned that stain-controlled fatigue tests may 
reveal the weakness of stiffer mixtures (such as those containing RAS), while the stress-
controlled fatigue tests can be more arduous for softer mixtures (such as the control mixture). 
Regardless, the testing protocols used on the fine asphalt mixtures proved to be a rapid and 
effective way to characterize recycled materials. 
 
In 2014, Cooper et al. examined the performance of laboratory prepared specimens containing 
RAS [29]. The study considered standard HMA mixtures containing either no RAS (control), 5.0% 
MWSS, or 5.0% TOSS by weight of the total mixture, as well as a SMA mixture containing 5.0% 
TOSS and 3.0% hydrated lime (the mineral filler was added to meet the #200 sieve passing 
requirements for a SMA mixture). The HMA and SMA mixtures utilized polymer-modified 
styrene-butadiene-styrene (SBS) asphalt binders passing the Louisiana specifications for PG70-
22M and PG76-22M, respectively. The following tests were employed to evaluate the mixtures’ 
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performances: the dynamic modulus test, the HWTD test, the thermal stress restrained specimen 
test (TSRST), the semi-circular bend (SCB) test. It was found that the dynamic modulus at 
54.4°C was higher for mixtures containing RAS. This increased stiffness implies improved 
rutting performance at high temperatures. However, it was observed that the HMA mixture 
containing MWSS and the SMA mixture containing TOSS had lower dynamic moduli at 25°C, 
indicating degradation in fatigue cracking resistance. These results agreed with the results from 
the HWTD test. All the mixture containing RAS had lower rut depths than the control mixture. 
Furthermore, the plots of rut depth versus number of cycles from the HWTD tests showed no 
stripping inflection point, indicating that the mixtures were not susceptible to moisture damage. 
The low-temperature cracking resistance was measured by the TSRST test. After aging the 
mixture specimens in an oven for five days at 85°C, the specimens were loaded at an applied rate 
of -10°C/hour. The results were consistent for all mixtures tested, suggesting the inclusion of 
RAS did not degrade the low-temperature cracking performance. Lastly, the results of the SCB 
test revealed that the critical strain energies for the mixtures containing MWSS were as good as 
the control. Note that a high critical strain energy is indicative of a fracture-resistant mixture at 
intermediate temperatures. The mixture containing TOSS had a slightly lower critical strain 
energy than the control; however, there was little difference statistically. The results showed that 
the addition of RAS generally did not degrade the intermediate temperature cracking resistance. 
Overall, the study demonstrated that the inclusion of RAS can improve high-temperature 
performance (rutting resistance) without significantly degrading moisture susceptibly or cracking 
resistance at low and intermediate temperatures. 
 
The potential benefits of RAS-modified HMA pavements are very evident in the literature. 
Although most of the studies presented here agree that the incorporation of RAS in HMA 
mixtures can be beneficial to high-temperature performance (i.e., rutting resistance), there is 
some discrepancy on whether or not it is detrimental to the low-temperature performance. The 
increased stiffness reported surely makes one wary when deciding if RAS-modified mixtures are 
a viable option in cold climates. The use of rejuvenators is one way to address this concern, and 
it is the topic of the next chapter.   
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CHAPTER 3:  
LITERATURE REVIEW OF THE USE OF ASPHALT REJUVENATORS 
It is evident that the hard, oxidized nature of the reclaimed asphalt binder is a major concern 
when incorporating recycled materials into HMA mixtures. Oxidation—the main mechanism 
behind asphalt aging—changes certain chemical properties of the asphalt; specifically, the ratio 
between asphaltenes and maltenes.  Asphaltenes are defined by their insolubility in pentane and 
function as bodying agents, whereas maltenes are the residual constituents after asphaltene 
precipitation [30-32]. Types of maltenes include polar compounds/nitrogen bases (peptizers for 
the asphaltenes), acidiffins (solvent for the peptized asphaltenes), and paraffins (saturated 
hydrocarbons that act as a gelling agent) [30]. The asphaltenes to maltenes ratio influences the 
rheology of bitumen; as oxidation occurs, polar compounds and acidiffins are converted into 
asphaltenes thus increasing the ratio, resulting in a stiffer, more brittle asphalt binder.  The 
reaction rate of oxidation can be accelerated at high temperatures and/or high exposure to 
ultraviolet light. The amount of oxidation is also positively correlated to how much asphalt is 
exposed to air; therefore, stockpiling recycled asphalt materials may result in more oxidation 
[33].  When considering RAS, recall that the asphalt in shingles is highly oxidized due to air-
blowing during production and/or weathering during the service life of the shingles (as in the 
case of post-consumer TOSS).  Regardless of the reasons for oxidation, the stiffened asphalt 
negatively affects low-temperature performance of RAS-modified mixtures. To address this 
issue, products have been produced to counteract the effects of oxidation. Depending on the use 
of the product (preventative/corrective maintenance or recycling) these products have been 
called many different names, such as “service life extenders”, “softening agents,” “rejuvenator 
seals,” and “recycling agents/additives” [34].  For consistency, any such product will typically be 
referred to as a rejuvenator.  
 
A rejuvenator, as the name implies, is a product that aims to restore the physical and chemical 
properties of aged bitumen. Rejuvenators address the issue of oxidative hardening by softening 
the aged asphalt via the restoration of the original asphaltenes to maltenes ratio discussed above 
[30, 35-36]. Some examples of rejuvenators are refined tallow, waste vegetable or frying oils, 
waste motor oils, lube extracts, extender oils, emulsions, soft virgin binders, and bio-binders [33-
34, 37]. Rejuvenators are generally applied to the surface of existing pavements; therefore, it is 
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essential for the rejuvenator to have the ability to penetrate the surface and diffuse through the 
aged asphalt.  If the rejuvenator lacks this ability, not only will the aged asphalt be unaffected, 
but the unabsorbed rejuvenator will reduce skid resistance [36, 38]. To avoid creating slick, over-
coated surfaces, it is often good practice to apply rejuvenators in several coats at a lower 
application rate [30].  During the diffusion process, the rejuvenator first forms a low-viscosity 
layer around the layer of aged binder which coats the aggregate.  Then, the rejuvenator starts to 
diffuse into the aged binder, thus softening it.  Eventually, all the rejuvenator penetrates into the 
aged binder and the inner layer becomes less viscous and the outer layer becomes more viscous 
as the mixture approaches a state of equilibrium [33, 39]. In 1974, Oliver found that the rate of 
diffusion can be increased by adding diluents or by increasing temperature [40].  Thus, the 
environment in which the rejuvenator is applied is a critical consideration, especially in terms of 
application rate. After a sufficient dwell time, the performance of the rejuvenator can be 
evaluated.  
 
Rejuvenators are also often used in conjunction with hot in-place recycling (HIPR) techniques. 
The goal of hot in-place recycling is to correct surface distresses in surface layers of HMA 
pavements while significantly reducing the need to haul new materials. During HIPR, the surface 
layer of the existing HMA pavement is heated, scarified, and then mixed with rejuvenators 
and/or softer virgin binder This recycled material is then used to repave the roadway from which 
it was removed. The addition of rejuvenators aims to soften the aged asphalt and thus improve 
future cracking performance. An example of the equipment used to perform these tasks is the 
MARTEC Recycling Corporation’s forced hot air heating system, which was first used in the 
United States in Mississippi on an interstate highway project from December 1997 to July 1998 
[41]. Refer to Shoeberger et al. and Button et al. for more detailed overviews of HIPR 
procedures [42-43]. Currently, researchers are still pursuing a thorough and quantitative 
understanding of the effect of rejuvenators. Several studies have examined the performance of 
rejuvenators and are summarized below. 
 
In 1970, the Sir Force Weapons Laboratory funded a study that investigated the performance of 
five rejuvenators [44]. Rostler and White applied rejuvenators to test briquettes, which were 
subsequently tested for permeability, depth of diffusion, viscosity, and pellet abrasion resistance. 
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The study showed that at least two of the rejuvenating products successfully lowered the binder 
viscosity and decreased the amount of aggregates lost during pellet abrasion.   
 
In a similar 1976 study by the U.S. Army Corp of Engineers, Brown et al. evaluated five 
rejuvenators (four proprietary products and one asphalt emulsion seal) [38, 45]. Core samples 
were extracted from three different test sections from different climate zones. The cores revealed 
that three of the proprietary rejuvenator products penetrated the surface about 3/8 inches. 
Viscosity and penetration tests were performed on the binder extracted from this top portion of 
the samples. The rejuvenators that penetrated the surface also had a softening effect on the aged 
binder. The other two products actually showed a stiffening effect. Brown et al. further 
concluded that viscosity was a better metric than penetration for measuring the rejuvenating 
effect.  Skid resistance was also investigated, and after an initial reduction, the skid resistance 
returned to the control value in about a year. Finally, visual inspection indicated that the three 
successful rejuvenators resulted in a reduction in the amount of cracking in the test sections. 
 
In 1986, the Arizona Transportation Research Center published a paper evaluating the 
performance of a specific product called Bituminous Pavement Rejuvenator (BPR) [46].  From 
Arizona’s previouis experience with BPR, certain test sections demonstrated the product’s 
rejuvenation capability (crack healing, surface sealing, etc.). However, for the two test sections 
evaluated in this study, viscosity results from binder extracted from core samples were 
inconclusive. Additionally, after a year in service, visual inspection indicated little difference 
between the treated and untreaded sections. Studies like this demonstrate that not all rejuvenators 
perform as well as expected.  Such results also reveal the need for a more reliable method for 
determining the effectiveness of a rejuvenating agent. 
 
In 2006, Shen et al. [47] investigated the effect of a rejuvenator on performance-based properties 
of rejuvenated binder as well as mixtures containing the rejuvenated binder.  From DSR and 
BBR testing of binder modified with 0.0%, 6.0%, 9.0%, and 14.0% rejuvenator by weight of the 
aged binder, blending charts were established to determine an optimum rejuvenator content. The 
optimum range was found to be between 2.0% and 7.4%.  DSR tests revealed that the rutting 
resistance parameter (G*/sinδ) and the fatigue parameter (G*sinδ) both decreased linearly with 
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increasing rejuvenator content.  BBR testing revealed that the blended binder stiffness decreased 
and the m-value increased with increasing rejuvenator content. These results indicate the 
rejuvenator successfully softened the aged asphalt. For mixture testing, samples were made with 
0.0%, 2.0%, and 7.4% rejuvenator. Wheel tracking test results showed that the dynamic stability 
(the number of wheel passes required to establish a rut depth of 1 mm) decreased with increasing 
rejuvenator content. An excessive loss in dynamic stability can be detrimental for high-
temperature performance; however, even at the high level of rejuvenator, the mixture satisfies 
the 1000 passes/mm criteria for normal graded asphalt (1310 pass/mm). Moreover, the dynamic 
stability of the 7.4% mixture is just under that of the virgin mixture. Fatigue properties were also 
examined via the TSRST. It was found that fracture energy decreased and fracture strength 
increased with increasing rejuvenator content, indicating an improvement in the relaxation ability 
of the rejuvenated mixtures. This result agrees with BBR findings. Overall, the findings from this 
report indicate that the rejuvenator successfully restored many of the properties of the aged 
asphalt. 
 
In 2007, Shen et al. continued researching the effects of rejuvenators on RAP mixtures [35].  It 
was found that rejuvenator mixture performed at least as well as mixtures that blended the RAP 
material with a softer virgin binder in terms of mechanical and rutting performance properties. 
From IDT testing, Shen et al. also found that mixtures containing rejuvenators produced at least 
as high of strength as those containing softer virgin binder. Another major conclusion from the 
study was that higher levels of RAP can be incorporated into Superpave mixtures containing 
rejuvenators than those containing softer virgin binder. 
 
García et al. presented a novel idea in 2010 for the application of rejuvenators [36]. As 
previously mentioned, the success of rejuvenator depends on its ability to penetrate the pavement 
of the surface. This inevitably results in at least some initial reduction in skid resistance and can 
also have negative effects on the environment. The concept involves filling capsules with a 
rejuvenating agent and incorporating the capsules into the mixture. The capsules then release the 
rejuvenator at a predetermined stress level. This method would eliminate reductions in skid 
resistance, address environmental concerns, and provide savings in labor costs. 
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Lin et al. conducted a study on rejuvenator seal materials in 2012 [48]. The effect of three types 
of rejuvenator products on the performance of HMA mixtures containing virgin PG70-22 binder 
was investigated. The virgin binder was aged via the rolling thin film oven (RTFO) technique 
and then mixed with one of the rejuvenators at a percentage of 5.0% by weight of the total 
mixture. The tests used to evaluate the rejuvenated binder were the DSR and the static creep test. 
HMA mixtures, containing the rejuvenated binder and designed by the Marshall method, were 
also tested via the wheel tracking test, the IDT strength test, the raveling test, and the skidding 
test. It was found that the three types of rejuvenators decreased the complex modulus and 
increased the phase angle of the aged binder. The reduction in stiffness agreed with increase in 
rut depth observed in mixture testing. There was also a reduction in the IDT strength and an 
increase in the creep strain due to the rejuvenator. Moreover, the rejuvenator proved to be 
beneficial to raveling resistance, but detrimental to skidding resistance. 
 
In 2014, Nahar et al. [34] examined the effect of rejuvenators on aged asphalt at a microscopic 
scale. Two types of rejuvenators were considered: an emulsion type and a liquid type. Virgin 
binder (penetration grade 70/100) was aged using a rotation cylinder aging tester (RCAT) and 
mixed with each type of rejuvenator. Three batches of rejuvenated asphalt binder were created: 
one with aged binder and 20.0% of the emulsion type rejuvenator (based on the residual mass 
after water evaporation) and two with aged binder and either 10.0% or 25.0% of the liquid type 
rejuvenator. DSR test results showed that the master curve of the rejuvenated binders fell in 
between the master curves of the aged binder and the respective rejuvenator. In other words, the 
stiffness of the aged binder was reduced upon the addition of the rejuvenators, thus exhibiting the 
restoring capability of the both types of rejuvenator. The stiffness of the aged binder was reduced 
even more at the higher content (25.0%) of the liquid type rejuvenator. Via atomic force 
microscopy, the microstructures of the virgin, aged, and rejuvenated asphalt binders were 
revealed. It was found that, although both rejuvenators softened the aged asphalts, the softening 
processes at the microscopic level were quite different. The virgin binder existed in two phases: 
an elliptical phase suspended in a continuous matrix phase. Upon aging, a more prominent 
matrix phase, small features in the elliptical phase (termed “debris”), and a tertiary phase were 
observed (the tertiary phase is a small fraction of the microstructure and may be an oxidation 
product that has no affinity to the other phases). Additionally, the phase boundaries were found 
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to be rougher than the boundary of the un-aged virgin binder. Upon the addition of the emulsion 
type rejuvenator, the microstructure appeared very similar to that of the virgin binder. However, 
the tertiary phase was still present, as well as a small amount of minute features belonging to a 
fourth phase. Upon the addition of the liquid type rejuvenator, the change in the microstructure 
was completely different. The elliptical phase is replenished, and needle-like filaments are 
observed at the interface between the elliptical and matrix phases. When the higher level of the 
liquid type rejuvenator (25.0%) was mixed with the aged binder, the interface filaments became 
thicker. It was therefore concluded that the change in the rheological properties of the binder 
upon aging and rejuvenation can be correlated with changes in the microstructure. Moreover, 
although different rejuvenators may have the same effect on the stiffness of the modified binder, 
the softening mechanism can be very different for different types of rejuvenator. 
 
In 2014, the use of bio-binder as a rejuvenating agent to be used with RAS was explored by 
Oldham et al [37]. Bio-binder is produced via a thermo-chemical conversion of swine manure. 
Binder samples containing bio-binder and RAS were prepared using wet processing [9]. First the 
various percentages of shredded RAS (5.0% to 40.0%) were blended with a virgin PG64-22 
binder at 180°C using a mechanical shear mixer rotating at 450 rpm for 1 hour. The utilized RAS 
material had an average particle size of 85.5 μm. After remixing the RAS-modified binder at 750 
rpm for 5 minutes to ensure homogeneity, the bio-binder was added at 10.0% and blended at 
135°C at 750 rpm for 30 minutes. The samples were subjected to binder testing using the 
Rotational Viscometer (RV) and the Direct Tension Tester (DTT). It was found that the presence 
of RAS increased the viscosity of (i.e., stiffened) the modified binder, as expected. The 
introduction of the bio-binder reduced the viscosity, indicating that the waste product was indeed 
acting as a rejuvenator. In fact, for samples containing 5.0% and 10.0% RAS, the presence of the 
bio-binder lowered the viscosity below the control (no RAS). The DTT results revealed that 
fracture energy, failure strain, and ductility reduces as the RAS content increased. Again 
however, the incorporation of bio-binder increased these parameters, thus offsetting the 
stiffening effect of the RAS. The results proved to be very promising for the use of bio-binder as 
a rejuvenator.  
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The effectiveness of rejuvenators is certainly a topic that is debatable. There are many different 
types of rejuvenating products available, and some fulfill their function of softening hard asphalt 
better than others. Regardless, it is clear that the intended purpose of these products make them 
very desirable to be in used in tandem with recycled materials. The next chapter discusses the 
acoustic emission technique, which is a NDT method that is used in this study to determine the 
effect of RAS and rejuvenators on the low-temperature performance of HMA mixtures. 
 
  
28 
CHAPTER 4:  
REVIEW OF THE ACOUSTIC EMISSION TECHNIQUE 
Acoustic Emission (AE) testing is a unique type of NDT with respect to the passive nature of the 
method. Unlike other NDT methods such as ultrasonic pulse velocity (UPV), ground penetrating 
radar (GPR), or impact-echo testing, this test does not require any input from external sources. 
Rather sensors are put in place to detect ultrasonic, mechanical elastic waves that propagate 
throughout the specimen as a response to some distress. As local stresses rapidly redistribute, 
such waves are generated. A few examples of the sources of these mechanical waves are crack 
initiation/growth, delamination between layers, or the rearrangement of the material’s lattice 
structure. The AE method is thus able to detects signs of failure as they occur, making it a very 
good candidate for analyzing and monitoring the integrity of infrastructure materials such as 
HMA pavement mixtures. 
 
4.1.  THE BASIC PRINCIPLES OF AE TESTING 
It is commonly known that as a material responds to a stress or strain, it may deform locally such 
that ultrasonic, mechanical elastic waves propagate throughout the specimen [49]. There are 
several different types of waves that can be generated in a specimen [50]. The acoustic waves 
travelling through the medium are called bulk waves and are categorized as either longitudinal or 
shear waves. Longitudinal (also called compressional or primary) waves travel parallel to the 
direction of wave propagation, have the fastest propagation velocity, and are thus typically the 
type of wave detected by AE techniques. Shear (also called transverse or secondary) waves 
travel perpendicular to the direction of wave propagation at about half the velocity of the 
longitudinal waves. At the surface of the medium other types of waves can also form; Love 
waves are surface waves that travel parallel the surface and Rayleigh waves are surface waves 
that travel perpendicular to the surface. These waves propagate at slower rates that the bulk 
waves. Additionally, Lamb waves can be generated in a medium having plate geometry. 
Essentially, the AE technique “listens” for these acoustical signs of failure, much like one would 
listen for creaking and cracking when walking on thin ice or structurally damaged wood [50-51]. 
The method takes advantage of this phenomenon by using sensors—usually piezoelectric 
transducers—to detect the waves, or AE events, which are subsequently converted into an 
interpretable, electrical signal. Figure 4.1 illustrates the basic idea of detecting AE events. 
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Figure 4.1. Illustration of an AE sensor (typically a piezoelectric transducer) detecting mechanical, elastic 
waves that propagate from a source of stain energy through a medium.  
 
AE signals can also be separated into two categories: continuous emissions and burst signals [52]. 
Continuous signals can be produced by the friction between two interfaces; they are also 
commonly seen when metals plastically deform. Burst signals, on the other hand, usually occur 
due to the rapid release of strain energy from crack initiation or propagation. Therefore, transient 
burst signals are of primary interest when studying the response of asphalt mixture under thermal 
loading. Figure 4.2 shows idealized examples of these two types of signals in the time domain. 
These signals may occur over a wide range of ultrasonic frequencies; high stresses tend to 
produce signals with higher frequencies excited while low stresses tend to generate lower 
frequency signals. Modern equipment is able detect this wide range of frequencies, so the exact 
range of signals has generally not been an issue in most studies [53]. 
 
 
Figure 4.2. Sketches of (a) a continuous signal and (b) a burst signal [52]. 
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It is important to be able to discern some distinguishable features of an AE signal. Common 
parameters are arrival time, signal duration, peak amplitude, and rise time [52-53]. These 
parameters are depicted in Figure 4.3. The arrival time is the first point where the amplitude of 
the signal crosses a specified threshold level, i.e., the trigger level. The signal duration is the 
amount of time the signal’s amplitude is above this threshold level. The amplitude of the wave is 
in voltage. Piezoelectric transducers convert the deformation due to the mechanical wave of the 
quartz, barium titanate, or lead zirconate titanate crystal (most common) in the sensors into an 
electrical signal [54]. Thus, the maximum amplitude indicates the highest level of disturbance 
caused by the wave. Amplitude directly corresponds to the energy level of the AE event (the area 
under the squared amplitude vs. time curve) and can indicate the level of damage in material. 
The amplitude of the AE event typically corresponds to the rate of change of stress (i.e., the rate 
of change of the defect size) within a medium [49]. The rise time is the duration between the 
arrival time and the maximum amplitude. The rise time can be correlated to the type of damage 
mechanism [53]. 
 
 
Figure 4.3. Some common wave features of an AE signal [53]. 
 
In addition to these wave features, researchers have studied hit count (the number of AE events 
recorded), the hit rate of the AE events (number of AE events per time), the AE event energy 
31 
(the area under the waveform after squaring the voltage), the amplitude distribution of AE events 
(also called the improved b-value analysis), and the Calm ratio (the number of AE hits during 
unloading divided by total number of AE hits in a full cycle) [50, 55]. 
 
Determining the location of the source of an AE event is also an important task for some 
applications. There are methods for 1-D (zonal), 2-D (planar), and 3-D localization [49, 53]. In 
zonal localization, the exact location of the AE source is not found, but rather a region in which 
the source is located is determined. 3-D localization, as its name implies, determines the precise 
(of course with some level of error) location of the AE source and has been used in seismology. 
Planar localization methods have been frequently used to monitor large structures like bridges. 
For source localization to work, sensor spacing needs to be close enough such that the signal 
generated by the AE source does not attenuate (below some threshold) before reaching at least 
three sensors. By determining the arrival times of the waves (generally primary/longitudinal 
waves) generated by the AE event, the source location can be triangulated. This is important for 
materials like asphalt since cracking is such a significant issue; finding and repairing areas where 
cracking occurs can notably improve structural quality and extend the life of HMA pavements. 
There is also an economic benefit in replacing or repairing only the damaged areas of the 
pavement. 
 
4.2.  THE USE OF AE TESTING ON HMA MIXTURES AND ASPHALT BINDERS 
The AE technique has been widely used in the evaluation of well-studied, well-behaved 
materials such as concrete and steel. The isotropic and elastic nature of such materials makes it 
easy to detect and understand the propagation of the AE waveforms. For instance, researchers 
have used the AE technique to evaluate the strength and damage severity in reinforced concrete 
structure [53, 56-58]; to monitor the structure health of concrete and steel bridges [55, 59-62]; to 
detect defects in steel structures such as pressure vessels and pipelines [63-66]; and to monitor 
and diagnose gear defects [67]. Nevertheless, this technique is not constrained to such materials. 
AE techniques have also been used to detect damaged surfaces on a block of granite [68], to 
study the fracture behavior during tensile testing of silicon carbide particle reinforced aluminum 
matrix composites [69], and to investigate damage mechanisms in glass-fiber-reinforced 
polypropylene [70]. However, the AE testing of viscoelastic, bituminous materials/mixtures has 
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been somewhat less extensive. The following provides fairly detailed reviews of some of the 
novel research that has been done on asphaltic materials using the AE technique. 
 
In 2006, Li et al. used AE 3-D source localization to observe crack propagation in HMA 
mixtures [71]. Semi-circular bend (SCB) specimens were prepared using loose mixture material 
from the Minnesota Road Research Project Cell. The mixture contained virgin PG58-34 binder, 
had a target binder content of 5.8%, and a NMAS of 19 mm. Seven AE sensors (4 on one side 
and 3 on the other) were adhered to the SCB specimen around the notch tip. The amplitude of the 
AE waveforms was generally around 0.3 mV, and so the signal was amplified by 40 dB before 
processing. A threshold voltage of 15 mV was set as the trigger value. The sensors monitored AE 
activity during the SCB test conducted at a constant crack mouth opening displacement (CMOD) 
rate of 0.0005 mm/s. The specimen was condition for 4 hours at the test temperature  (-20°C) so 
that the AE activity is induced by the applied load and not in response to thermal stresses. A total 
of 139 AE events were recording during the test and 44 of the events were located within an 
error of about 3 mm, which can be represented by an ellipsoid. The error arises due to 
uncertainty such as the method for choosing the events’ arrival times and the local variations in 
velocity. A “collapsing” algorithm was used to relocate an AE event to a point within its error 
ellipsoid that has the greatest density of the other AE events. The AE events were thus located 
within a narrow band slightly to the left of the axis of symmetry, which aligned well with the 
observed crack propagation. It was observed that there was little AE activity at the start of the 
test, but that as the load increased over 70% of the peak load, the AE activity increased 
drastically. The increase in the rate of AE events was indication of the initiation of 
microcracking resulting from the stress concentration at the notch tip. The intensity of AE 
activity peaked around the time a macrocrack formed. After the load reached the maximum and 
dropped back down to 90% of the peak load, the AE activity decreased. This was attributed to 
boundary effects as the crack approaches the edge of the specimen and/or the increased distance 
(and therefore attenuation) from the crack tip (i.e., the AE source location) to the array AE 
sensors. Despite this lack of data for the termination of the crack’s development, 3-D AE source 
localization showed great potential for studying cracking process of asphalt mixtures at low 
temperatures. This technique could be extended to monitor the fracture mechanisms during other 
mechanical tests, such as DC(T) and IDT testing. 
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In 2008, Seo and Kim used the AE approach to monitor fatigue damage and healing 
characteristics asphalt concrete [72]. HMA mixtures were prepared using a Superpave mixture 
design with a 19 mm NMAS and a virgin PG64-22 binder. The mixture was aged for four hours 
in an oven at 135°C. A total of eight cylindrical test specimens (75 mm in diameter and 150 mm 
in height) were then cut and cored from gyratory compacted specimens. The test specimens were 
subjected to uniaxial cyclic tension testing while two AE sensors monitored the AE activity 
during the test. Four different loading cycles were programmed to study the effect of varying 
load, load rate, and rest periods. Test 1 started at a load of 1.33 kN and the load increased by 
about 0.3 kN for every loading cycle; Test 2 has the same loading program but introduced a 
constant rest period of 10 seconds between each loading cycle; Test 3 is very similar to Test 2 
except the rest period increased with each loading cycle; and Test 4 applied a constant load of 
3.11 kN and the rest periods (starting at 10 seconds) increased by a factor of two up to the sixth 
loading cycle and then decreases by a factor of two for each loading cycle. The AE sensors were 
adhered using high-vacuum grease to the middle of the specimen with 180° of separation. The 
signals from the AE sensors were amplified by 20 to 60 dB, and a threshold value of 45 dB was 
applied. The study found that as the rest periods between loading cycles increased, the rate of AE 
energy (defined as the product of amplitude and signal duration) accumulation decreased and the 
fatigue life increased. Moreover, for longer rest periods, a greater frequency of AE events was 
detected during the rest period than during loading. A correlation among the accumulative AE 
energy, fatigue damage, and healing was thus demonstrated. In the results of Test 4, a sharp 
increase in AE activity was observed when the constant 3.11 kN load was first applied due to 
premature cracking at this higher load level. However, the rate of AE events decreased as the rest 
periods increased, implying that the healing during the rest periods slows down the damage 
process. From AE frequency-amplitude analysis, it was determined that AE events with a low 
maximum amplitude were more common than AE events with a high maximum amplitude. Seo 
and Kim also conjectured that the Kaiser effect does not hold for asphalt concrete. The Kaiser 
effect states that a material should not emit any AE activity until the stress level is greater than 
the maximum stress level previously applied. Cyclic testing without any rest periods revealed 
that AE activity started at about 80% to 90% of the maximum load (93% to 106% of the 
maximum strain) applied of the previous time step. The AE events during the reloading, however, 
34 
may be due to internal friction in existing flaws. Overall, the AE technique was successfully in 
examining HMA mixtures under cyclic loading. 
 
In 2009, Apeagyei, Buttlar, and Reis assessed the low-temperature embrittlement of asphalt 
binders using an AE approach [5]. It is commonly known that material will expand or contract 
upon temperature changes, and thermal cracking (or embrittlement) of asphalt is a very relevant 
consequence of this. Destructive methods exist for estimating the binder’s thermal embrittlement 
temperature (such as the BBR test, the DTT, the TSRST, and the ABCD test), but these methods 
have been shown to be difficult, variable, and expensive to perform in many cases. Apeagyei et 
al. experimented with samples of asphalt binders to see if an AE approach would prove to be a 
quick, reliable, and cost efficient alternative to estimating the cracking temperature of asphalt 
binder. Un-aged samples of three different grades of binder (PG58-16, PG58-28, and PG64-22) 
were tested; two of the binders (PG58-16 and PG58-28) were first PAV-aged and then also 
tested. Beam-shaped binder samples of varying thicknesses were adhered to a granite substrate. 
Note that the geometry of the binder samples were made similar to the geometry used in BBR 
and DTT methods. The specimens were subjected to temperatures ranging from 15°C to -50°C 
and monitored with AE sensors that were coupled to the granite substrate with high-vacuum 
grease. As the specimen cooled and contracted, thermal stresses were induced in the binder. The 
difference in the coefficients of thermal expansion induced the thermal stresses in the binder and 
resulted in AE events from transverse thermal cracking. The AE signal was pre-amplified by 20 
dB (to reduce noise), and then further amplified by 21 dB and filtered using a 20 kHz high-pass 
double-pole filter. The threshold voltage was set at 0.1 V. To filter out additional unwanted data, 
a "clean" granite slab without any asphalt was tested over the same range of temperature. The 
amplitude, frequency, and energy were recorded until AE activity ceased. Accordingly, a 
frequency threshold of 80 kHz and an energy threshold of 4 V
2
-μs was then applied. From 
analyzing the energy distribution of the events, the embrittlement temperature was defined as the 
first AE event with an energy level above 1050 V
2
-μs. Apeagyei et al. discovered that as 
temperature decreased, more AE events occurred for all binders. The stiffer and aged binders had 
a peak in high energy AE events at warmer temperatures than the softer and un-aged binders. 
Moreover, the samples that were aged longer released less AE energy. This was also intuitive 
since older samples tend to be more brittle and thus release less fracture energy (as observed in 
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mechanical testing). The thickness of the asphalt sample also had an effect; for thicker samples 
there was more AE energy released, which made sense since thicker samples require greater 
amount of energy to initiate a crack. Using the definition of embrittlement defined above, the 
estimates determined using the AE approach agreed well with those determined by standard 
procedures. The stiffer binders had a warmer embrittlement temperature than the softer binders. 
There was also very little variation in the embrittlement temperature when the test is repeated for 
the same type of asphalt binder. This shows the approach is not only relatively inexpensive and 
easy to perform, but it is also repeatable and reliable.  
 
In 2011, Behnia and Dave et al. extended the AE methodology that Apeagyei et al. used on 
binders to evaluate the low-temperature cracking of HMA mixtures containing RAP [7-8]. This 
research was closely related to the work done for the National Cooperative Highway Research 
Program-Ideas Deserving Exploratory Analysis (NCHRP-IDEA) Project 144 which developed 
the methods for an acoustic emission-based test to determine both asphalt binder and mixture 
embrittlement temperatures [6]. For one of the iterations of testing, HMA mixtures were 
prepared using a NMAS of 19 mm, virgin PG64-22 or PG58-28 base binder at target binder 
content of 5.9%, and RAP ranging from 0.0% to 50.0% by weight of the total mixture. Standard 
DC(T) and IDT specimens were cut from gyratory compacted specimens. The specimens were 
subjected to DC(T) testing at -12°C and a constant CMOD rate of 1.0 mm/min to evaluate 
fracture characteristics of HMA mixtures containing RAP. IDT tests were also conducted on the 
mixtures containing 20.0% and 40.0% RAP at 0°C, -10°C, and -20°C to further investigate creep 
compliance and low-temperature performance. AE tests were then conducted on semi-circular 
specimens (150 mm in diameter and 50 mm in height). The geometry was chosen such that the 
IDT and DC(T) specimens could be utilized. The AE specimens were subjected to cooling from 
room temperature to -50°C. The difference in thermal expansion coefficients between the binder 
and the aggregate induces thermal stresses. AE sensors were coupled with high-vacuum grease 
directly to the specimens to monitor the AE activity. As in the study by Apeagyei et al., the AE 
signal was pre-amplified by 20 dB (to reduce noise), and then further amplified by 21 dB and 
filtered using a 20 kHz high-pass double-pole filter. To further minimize noise, events with an 
AE energy lower than 100 V
2
-μs were filtered out. The embrittlement temperature was defined 
as the temperature at which the AE event with the first peak in energy occurs. The DC(T) tests 
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results showed that fracture energy decreased with increasing RAP content for the mixtures 
containing PG58-28 binder. However, for the mixtures containing PG64-22 binder, the fracture 
energy first increased (up to 30% RAP) and then decreases as more RAP was added. It was 
determined that the difference in the stiffness of the virgin base binder dictates the different 
trends observed. The properties of the RAP are more similar to the stiffer PG64-22 than the 
PG58-28 binder, which could explain the initial increase in fracture energy observed with 
increasing RAP content for the PG64-22 mixtures. This shows the importance of choosing the 
proper base binder for RAP-modified mixtures. From AE testing, it was found that the virgin 
mixtures had embrittlement temperatures that were very close to their PG low-temperature grade 
(-28.6°C for the PG58-28 mixture and -19.2°C for the PG64-22 mixtures). But as expected, the 
incorporation of RAP significantly increased the embrittlement temperatures of the mixture due 
to its hard, oxidized nature. Warmer embrittlement temperatures were observed at all percentages 
of RAP; however, the embrittlement temperature did not continue to increase with increasing 
amounts of RAP. This was explained by the partial blending between the RAP and virgin 
materials. The portion of the mastic with high levels of RAP material will be the first to 
accumulate damage and thus generate early AE activity that dictates the embrittlement 
temperature. The AE technique proved to be a good method for supplementing mechanical 
testing—which measures the response of the specimen as whole—by detecting the onset of 
damage and damage accumulation at the local scale. 
 
In 2012, Hill et al. investigated the low-temperature fracture properties warm mix asphalt (WMA) 
mixtures using the AE approach [73]. This study was also supported by the NCHRP-IDEA 
program under project 144 [6]. WMA mixtures were prepared using a NMAS of 9.5 mm, virgin 
PG64-22 or PG58-28 base binder at target binder content of 6.7%, and four different types of 
WMA additives (Sasobit, Eveotherm M1, Rediset LQ, and Advera). An HMA mixture was also 
tested as a control. Standard DC(T) and IDT specimens were cut from gyratory compacted 
specimens. The specimens were subjected to DC(T) testing at -12°C and a constant CMOD rate 
of 1.0 mm/min to evaluate fracture characteristics of WMA mixtures, and IDT testing at 0°C,       
-12°C, and -24°C to further characterize low-temperature cracking. The AE methodology used in 
here was identical to that used by Behnia et. al. in the study of RAP mixtures [8]. The DC(T) and 
IDT test results revealed that the fracture energy and creep compliance were both sensitive to the 
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type of WMA additive utilized. The AE tests also showed sensitivity to certain types of WMA 
additive. For example, the mixture containing the organic-based Sasobit had the greatest 
influence and increased the embrittlement temperature by about 1.8°C. This study was continued 
in 2013 to extend to WMA mixtures containing RAP [74]. Mixtures were prepared using very 
similar parameters as those used in Hill’s previous study, except the mixture included 0.0%, 15.0% 
and 45.0% RAP by weight of the total mixture. The AE embrittlement temperature results again 
showed sensitivity to RAP content and the WMA additive type. As expected, the embrittlement 
temperatures of mixtures containing RAP were all warmer than the embrittlement temperature of 
mixtures containing no RAP. The type of WMA also influenced the embrittlement temperature at 
each level of RAP tested. These studies showed how the AE technique for estimating 
embrittlement temperature can be used on a variety of modified asphalt mixtures.  
 
The next chapter discusses the experimental procedures of this study. The AE technique for 
estimating embrittlement temperature that was used in several of the studies described above is 
extended to use on asphalt binders and mixtures containing RAS and/or rejuvenator. In 
conjunction with DC(T) testing, the low-temperature performance of such mixtures are 
quantitatively evaluated. 
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CHAPTER 5: 
EXPERIMENTAL PROCEDURES 
This study employs an AE-based approach to estimate the embrittlement temperatures of HMA 
mixtures and binder specimens containing RAS. The study also investigates the effects 
introducing rejuvenator to the RAS, which may result in improvements in low-temperature 
performance.  The AE-based approach to estimate embrittlement temperatures has the potential 
to replace the AASHTO-TP1 and AASHTO-MP1A protocols because of its many advantages, 
including the potential for portable instrumentation and rapid field testing. The embrittlement 
temperature is estimated by observing the AE event response caused by increasing thermal 
stresses, which develop as the specimen cools because of the different coefficients of thermal 
expansion between the aggregates and the binder or because of crack propagation within the 
binder sample.  When the magnitude of the tensile stresses reach the local binder strength, cracks 
occur, releasing strain energy in the form of transient stress waves, i.e., acoustic emission events, 
which are detected using piezoelectric sensors. The temperature corresponding to an event with 
energy equal or above a certain threshold is termed the mixture’s embrittlement temperature. The 
low-temperature properties of mixtures containing RAS are of primary concern due to the brittle 
nature of the oxidized (i.e., hardened) asphalt from shingles. Congruently, DC(T) tests are 
conducted on mixture specimens to further evaluate the low-temperature performance and 
fracture cracking resistance of the RAS-modified mixtures. Although research has repeatedly 
shown that the inclusion of RAS is beneficial to high-temperature performance, a thorough 
understanding of its effects (and of mixing temperature and technique) on the low-temperature 
performance is essential to confidently utilize this sustainable resource in cold climates.   
 
5.1.  SPECIMEN PREPARATION 
Recall that this study is broken up into three main parts: (1) the mixture testing of RAS-modified 
specimens containing varying amounts of RAS prepared at three different mixing temperatures, 
(2) the mixture testing of RAS-modified mixture specimens containing varying amounts of 
rejuvenator, (3) the binder testing of RAS-modified specimens containing RAS and varying 
amounts of rejuvenator. Accordingly, the following three sub-sections (Sections 5.1.1 to 5.1.3) 
discuss how the specimens are prepared for each part of the study.  
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5.1.1. Preparation of RAS-Modified Mixture Specimens 
For Part 1 of the study, gyratory compacted specimens containing 0.0% (control), 2.5%, 5.0%, 
7.5%, 10.0%, and 12.5% RAS by weight of the total mixture were prepared using three different 
mixing temperatures (120°C, 155°C, and 200°C) for a total of 18 gyratory compacted pre-cut 
specimens. Three different mixing temperatures were used to study the effect that mixing 
temperature has on the blending between the virgin binder and the RAS binder. Although 200°C 
is quite warmer than mixing temperatures typically used in producing HMA (135°C to 165°C), 
this high temperature was used to accentuate differences in the results for the different mixing 
temperatures. The specimens were compacted at 135°C with a compactive effort of 100 
gyrations. Each of the gyratory compacted specimens was cut into two DC(T) specimens, and 
each half of a broken DC(T) specimen was used as one AE test specimen, see Figure 5.1. As a 
result, there were a total of 36 DC(T) test specimens and 72 AE test specimens. 
 
 
Figure 5.1. Disk-shaped Compact Tension (DC(T)) test specimen: (a) geometry and recommended dimensions 
(in mm) for the DC(T) specimen with height of 50 mm, and (b) the two fracture halves created after running 
the DC(T). 
 
A NMAS of 19 mm was selected, and the aggregate blend consisted of aggregates from four 
different stockpiles: 65% of coarse aggregate (CM16), 23% of manufactured sand (FM20), 10.5% 
of manufactured sand (FM02), and 1.5% of mineral filler (MF). Virgin PG64-22 binder was 
(a) (b) 
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utilized as the base binder. The target total binder content (either virgin binder alone, or the 
modified virgin binder with the RAS asphalt binder) was 5.9% by weight of the total mixture. 
The type of RAS used was post-consumer TOSS provided by Southwind RAS LLC. The 
performance grade of the binder extracted from shingles was found to be PG136-04 through 
standard rheological methods [19, 75]. The processed TOSS material was shredded to assure that 
the nominal maximum size was smaller than 9.5 mm. Beach measured the constituent 
percentages of the TOSS via extraction and ignition methods and found that approximately 60% 
of the material was aggregate, 31.9% asphalt binder, and 8.1% fibrous material [19]. However, it 
was estimated that the percentage of asphalt was only 25% to be conservative (Southwind RAS 
LLC reported that percent asphalt as 27.5%). It was further assumed that 100% of the estimated 
25.0% RAS binder content participated in the mixture, i.e., 100% RAS binder availability. The 
theoretical maximum specific gravity (Gmm) and the bulk specific gravity (Gmb) of the mixture 
were determined to be 2.445 and 2.348, respectively. The percent voids in the mineral aggregate 
(VMA) was measured as 13.7%. The target height of the compacted specimens was 150 mm, 
which resulted in pre-cut gyratory specimens of 150 mm in diameter and 150 mm in height. 
These values are typical of mixtures that meet the target air void percentage of 4% after being 
subjected to 100 gyrations in a gyratory compactor. From these values, the mass of each of the 
mixture’s constituents can easily be calculated, see Table 5.1 (refer to Appendix A for additional 
details). The blend percentage for each aggregate type is the percent of the virgin aggregate mass 
(MAgg-virgin), see Table 5.2 and Table 5.3. 
  
The specified amounts of each aggregate type was mixed by hand with the RAS material in 
disposable aluminum pans, and then the mixture was placed in an oven for 2 hours to dry and 
obtain the proper mixing temperature (120°C, 155°C, or 200°C), see Figure 5.5(a). Note that in 
Part 2 of this study, this method for mixing the aggregates and RAS material is referred to as 
Mixing Technique 1. The virgin binder was heated to 155°C for the two lower mixing 
temperatures and to 200°C for the 200°C mixing temperature. Note that for the mixtures using a 
120°C mixing temperature, the binder was heated to 155°C rather than 120°C because the 
viscosity of the binder was too high at 120°C. The difference in temperature noticeably affected 
the workability and should also affect the level of blending between the RAS binder and the 
virgin binder—a higher mixing temperature is expected to result in a more completely blended 
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mixture. After the 2 hours in the oven, the blended virgin aggregates and RAS mixture were 
combined with the proper amount of virgin binder, according to Table 5.1. A mechanical bucket 
mixer was used to blend all the constituents together, see Figure 5.2(a). 
 
Table 5.1. Mix design parameters for a virgin mixture and a 7.5% RAS-modified mixture 
 
Table 5.2. Blend percentages for a virgin mixture 
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Table 5.3. Blend percentages for a mixtures containing 7.5% RAS 
 
 
The mixed materials were placed in an oven at 135°C to reach the compaction temperature. After 
bringing the mixed materials to 135°C, specimens for each mixture were compacted in an IPC 
SERVOPAC gyratory compactor with a compactive effort of 100 gyrations, see Figure 5.2(b). 
The target height of the compacted specimens was 150 mm, which resulted in pre-cut gyratory 
specimens of approximately 150 mm in diameter and 150 mm in height. After compaction and a 
day of settling, the specimens were cut into stand DC(T) specimens according to the geometry 
presented in Figure 5.1(a). Two disks were cut from the center of each gyratory compacted 
specimen using a masonry saw. The flat face and notch are cut using a tile saw, and the holes 
were made using a horizontal core drill. 
 
 
Figure 5.2. (a) The mechanical mixing bucket used to mix the aggregate/RAS with the virgin binder, and (b) 
the IPC SERVOPAC gyratory compactor and computer with software for data acquisition. 
(a) (b) 
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5.1.2. Preparation of RAS-Modified Mixture Specimens Containing Rejuvenator 
For Part 2 of the study, gyratory compacted specimens containing 7.5% rejuvenated RAS by 
weight of the total mixture were prepared at a single mixing temperature of 155°C. Rejuvenator 
was added to RAS at 0.0% (control), 2.5%, 5.0%, 7.5%, 10.0%, 12.5%, and 25.0% by weight of 
the RAS binder (25.0% of the weight of the RAS). The rejuvenator used was an emulsion of 
petroleum oils and resin in water called Reclamite® (50:50 water to rejuvenator ratio), which 
was donated by The Heritage Group [46]. Since only 50% of the product is rejuvenator, the mass 
of rejuvenator used was actually twice the percent mass of RAS binder. The rejuvenator was 
added to the RAS in a disposable aluminum pan using a plastic spray bottle; the material was 
mixed by hand and given a dwell time of 24 hours to promote an even diffusion of the 
rejuvenator throughout the RAS. Note that when applying 25.0% rejuvenator, the material was 
mixed by hand twice: once after half of the rejuvenator was applied and again after the rest of the 
rejuvenator was applied. This was done because the amount of rejuvenator added for this mixture 
was significantly more than for the other mixtures. Figure 5.3 shows the container in which the 
rejuvenator was received and the spray bottle used for application to the RAS material. 
 
 
Figure 5.3. The 1 gallon container of Reclamite® emulsion (as received from The Heritage Group) and the 
spray bottle used to apply the rejuvenator to the RAS material. The rejuvenator was poured into the spray 
bottle using a funnel.  
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The rejuvenated RAS was then shredded for 1 to 2 minutes using a blender to eliminate clusters 
which coalesced after introducing the rejuvenator. The additional shredding was also done to 
create a finer gradation, see Figure 5.4, which would promote more complete blending between 
the RAS binder and the virgin binder and reduce localized regions of RAS (i.e., RAS nodules). 
Prior to experimentation, the shredding technique was investigated. Shredding was conducted on 
dry RAS material and RAS material in the presence of water. Both shredding techniques lowered 
the NMAS of the RAS material from 9.5 mm to 4.75 mm; however, the dry shredding resulted in 
a finer gradation curve. Therefore, additional dry shredding was done when preparing the RAS-
modified specimens containing rejuvenator. Refer to Appendix B for photographs of the material 
retained in each sieve size. 
 
 
Figure 5.4. Gradation curves for the RAS as received (not shredded), RAS that was shredded with the 
addition of water (wet), and RAS that was shredded dry (dry). The additional shredding lowered the NMAS 
from 9.5mm to 4.75mm in both cases, but note that dry shredding resulted in the finest gradation curve. 
 
Two different techniques were used for mixing the rejuvenated RAS with the virgin binder. The 
first technique (Mixing Technique 1) was the same as that used in Part 1 of the study (mixing the 
RAS material with the aggregate by hand), while the second technique (Mixing Technique 2) 
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involved mixing the rejuvenated RAS with the virgin binder using a high-shear mixer. Therefore, 
there were two gyratory compacted specimens for each amount of rejuvenator, for a total of 14 
pre-cut gyratory compacted specimens. As before, the specimens were compacted at 135°C with 
a compactive effort of 100 gyrations. Each of the gyratory compacted specimens was again cut 
into two DC(T) specimens and each half of a broken DC(T) specimen was used as one AE test 
specimen. As a result, there were a total of 28 DC(T) test specimens and 56 AE test specimens. 
 
The same blend of aggregates (19 mm NMAS), same virgin binder (PG64-22), and same type of 
RAS (TOSS) used in Part 1 of the study were again used here. The total target binder content, the 
RAS binder content, and the volumetric parameters also remained unchanged from the previous 
part of the study (see Section 5.1.1). Besides the addition of rejuvenator, the only changes in the 
specimen preparation were the additional shredding of the RAS material and the employment of 
Mixing Technique 2 (further described below) for half of the specimens. 
 
After a 24 hour dwell period, the rejuvenated RAS material was subjected to additional 
shredding for 1 minute using a blender. Next, either Mixing Technique 1 or 2 was employed for 
adding the rejuvenated RAS. For Mixing Technique 1, the rejuvenated RAS was combined with 
the batched aggregates and mixed by hand in disposable aluminum pans before placing it in the 
oven at the mixing temperature (155°C) for 2 hours, see Figure 5.5(a). After obtaining the 
mixing temperature, the blended virgin aggregates and RAS mixture were combined with the 
proper amount of virgin binder (also heated to the mixing temperature of 155°C for 2 hours) 
according to Table 5.1. A mechanical mixing bucket was used to blend all the constituents 
together, see Figure 5.2(a). Mixing Technique 2 involved mixing the rejuvenated RAS with the 
proper amount virgin binder (heated to the mixing temperature of 155°C for 2 hours) using a 
high-shear mechanical mixer, see Figure 5.5(b). The RAS was mixed with the virgin binder in 
aluminum, quart-sized cans. The RAS-modified virgin binder was then returned to the oven for 
an additional hour to maintain the mixing temperature (155°C) before combining it with the 
batched aggregates. Note that an additional 40 to 60 grams of virgin binder was added to the 
mixture due to the small amount of mass that was unable to be fully extracted from the sides of 
the container. A mechanical mixing bucket was again used to blend all the constituents together, 
see Figure 5.2(a). 
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Figure 5.5. Two different mixing techniques used for incorporating RAS. (a) Mixing Technique 1: The RAS is 
batched with the aggregates and blended by hand before mixing with the virgin PG64-22 binder.  
(b) Mixing Technique 2: The RAS is blended with the virgin PG64-22 binder in a quart-sized can using a 
high-shear mechanical mixer at 155°C before mixing with the aggregates.  
 
As before, the mixed materials were put in an oven for 2 hours to reach a compaction 
temperature of 135°C. The specimens for each mixture were then compacted in an IPC 
SERVOPAC gyratory compactor with a compactive effort of 100 gyrations, see Figure 5.2(b). 
Recall that the target height of the compacted specimens was 150 mm, which resulted in pre-cut 
gyratory specimens of 150 mm in diameter and 150 mm in height. After compaction and a day of 
settling, the specimens were cut into standard DC(T) specimens as described in the previous 
section, see Figure 5.1(a).   
 
5.1.3. Preparation of RAS-Modified Binder Specimens Containing Rejuvenator 
For Part 3, RAS-modified circular-shaped binder specimens adhered to a granite substrate were 
prepared with the rejuvenated fines from sieved RAS material at a mixing temperature of 155°C, 
(a) (b) 
RAS 
MF 
FM02 
FM20 
CM16 
RAS + PG64-22 
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and were subjected to AE-based binder testing for evaluating embrittlement temperatures. From 
observation (see Appendix B), it was assumed that the fine particles of RAS in that passing 
through sieve No. 50 are comprised approximately entirely of RAS binder. Thus, taking this fine 
material and adding it to virgin binder should simulate a RAS-modified binder extracted from a 
mixture. Although some of the participating RAS binder may also come from larger particles 
(i.e., the RAS pellets retained in the coarser sieves), this methodology is expected to create 
representative RAS-modified binder specimens. This test went through two iterations: the first 
iteration introduced the rejuvenator to the RAS material before sieving and collecting the fines, 
and the second iteration introduced the rejuvenator to the fine RAS material after being sieved 
and collected. Each iteration tested samples containing 10.0% RAS by weight of the total binder 
and 2.5%, 5.0%, 7.5%, 10.0%, or 12.5% rejuvenator by weight of the RAS binder. As controls 
for both the iterations, virgin PG64-22 binder samples and 0.0% rejuvenator samples were 
prepared. Note that 25.0% rejuvenator was not used in for this part of the study because it caused 
too much coalescing of the RAS material. In fact, during the first iteration of testing, little to no 
fines passed were able to be sieved. Three replicate samples were prepared and tested for each, 
resulting in a total of 36 test specimens. 
 
For the first iteration of this test, rejuvenator was added to the un-sieved RAS material using a 
plastic spray bottle at levels of 0.0% (control), 2.5%, 5.0%, 7.5%, 10.0%, and 12.5% by weight 
of the RAS binder. Just as in Part 2 of the study, the rejuvenated RAS was mixed by hand to 
facilitate the diffusion of the rejuvenating agent. After a 24 hour dwell period, the rejuvenated 
RAS material was subjected to additional shredding for 1 minute using a blender. The RAS 
material was then sieved (agitated for 3 minutes), and material passing through the No. 50 sieve 
was collected to be added to the virgin binder. The concern with this method of rejuvenating the 
binder is that the coarser RAS particle and fibers may have a strong affinity to the rejuvenator 
and thus prevent the rejuvenator from fully diffusing to the fines. 
 
For the second iteration of this test, rejuvenator was added to the fine RAS material after sieving 
at levels of 2.5%, 5.0%, 7.5%, 10.0%, and 12.5% by weight of the RAS binder (recall that it is 
assumed that fine RAS material is entirely binder, thus the mass of the RAS binder equals the 
mass of the RAS). The RAS material was first sieved (agitated for 3 minutes), and then the 
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rejuvenator was added to 20 grams of the fine RAS material that passed through sieve No. 50  in 
small aluminum cups (4 cm in height, 6 cm in diameter). The rejuvenator (1 to 5 grams) was 
slowly poured (instead of sprayed) one gram at a time into each cup. After the addition of each 
gram of rejuvenator, the mixture was mixed by hand to facilitate diffusion. The concern with this 
method of rejuvenating the binder is that the rejuvenator caused coalescing of the RAS fines, 
which may lead to poor blending between the RAS and the virgin binder, see Figure 6.15. As a 
supplementary investigation during iteration 2, some of the sieved RAS material containing 12.5% 
rejuvenator was given additional 72 hours of dwell time (for a total of 96 hours) to determine if 
the extra time would allow the rejuvenator to further softer the RAS and thus produce a modified 
binder specimen with a lower embrittlement temperature. 
 
 
Figure 5.6. Preparation of circular-shaped binder specimens for AE testing. (a) The binder is poured into the 
circular, ceramic mold. The thread seal tape prevents the binder from adhering to the mold. (b) A circular 
binder specimen after the mold has been removed. Note the remnant thread seal tape requiring removal. 
 
For both iterations, the rejuvenated RAS was added to the binder at 10.0% by total mass of the 
binder sample. To create 80 grams samples of RAS-modified binder (enough to make at least 
three replicate specimens), 72 grams of virgin PG64-22 binder (90% of the total mass) and 8 
(a) (b) 
Mold 
Thread 
seal tape 
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grams of the fine RAS particles (10% of the total mass) are mixed by hand in small aluminum 
cups (4 cm in height, 6 cm in diameter). The percentage for the fine RAS material is derived 
from the estimated amount of virgin binder replacement for a HMA mixture containing 2.5% 
RAS by weight of the total mixture. For a mixture with a total mass of 6234.5 grams, the mass of 
RAS is 155.9 grams. Assuming 25.0% RAS binder content and 100% RAS binder participation, 
the mass of the RAS binder is 39.0 grams. For a target binder content of 5.9%, the total mass of 
binder is 367.8g. Thus, the amount of virgin binder replaced by the RAS binder is approximately 
10.0% (39.0/367.8 = 0.106). This is a relatively low level of binder replacement by the RAS 
binder. A higher level of the fine RAS particles was also tested during preliminary investigation 
(25% RAS); however, major debonding issues arose at this RAS content. Accordingly, this study 
focused on 10.0% virgin binder replacement by the RAS binder to reveal the effect of increasing 
rejuvenator content. See Section 6.3.3 for further discussion on the debonding issues that were 
addressed prior to testing.  
 
 
Figure 5.7. Circular-shaped binder specimens for AE testing: (a) Top view of a typical binder specimen; this 
particular specimen is a 10.0% RAS-modified binder containing 5.0% Rejuvenator. Note the small specks on 
the surface of the binder; these are visible indications of the fine RAS particles. (b) Side view of a typical 
binder specimen; this particular specimen is PG64-22 binder. Note the height of the specimen is 
aprroximately 2 mm. 
 
Once the RAS-modified binder had been prepared, it was heated to 155°C using a hot plate. A 
circular mold was placed on a granite base plate to which the binder specimen will be adhered. 
The mold is made of ceramic material and has an outer diameter of 77 mm and an inner diameter 
of 70 mm. The side of the circular mold in contact with the granite base plate was wrapped with 
Fine RAS 
particles 
(b) 
(a) 
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thread seal tape (polytetrafluoroethylene, or PTFE, film), see Figure 5.6 (a). The thread seal tape 
does not adhere to the binder, thus allowing for easy de-molding. The granite base plate was also 
heated for at least 10 minutes using a hot plate (155°C) to promote good adhesion between the 
plate and the binder. Once heated, the granite base plate was removed from the hot plate and the 
circular mold was centered and place on top of the base plate. While the base plate was still hot, 
the RAS-modified binder (or virgin binder for the control case) was poured into the mold to a 
height of 2±0.5 mm. The specimen was then left to sit at room temperature (23°C). After cooling 
for approximately 10 minutes, the mold was placed in a freezer (-10°C) for approximately 
another 10 minutes to allow the specimen to harden (without inducing thermal cracking) to a 
point where it can be easily de-molded without deforming the specimen. The circular mold was 
then removed, as well as any remnant thread seal tape, see Figure 5.6. Once again, the specimen 
temperature was allowed to approach to room temperature before being subjected to AE-based 
binder testing to estimate the embrittlement temperature. This process resulted in circular-shaped, 
RAS-modified binder specimens with a diameter of 70 mm and a height of 2±0.5 mm that are 
adhered to granite base plates, see Figure 5.7. 
 
5.2.  TESTING PROTOCOLS  
The following tests are the focus of this study: DC(T) tests on mixture specimens, AE-based tests 
on mixture specimens, and AE-based tests on binder specimens. For the first two parts of the 
study, both mixture tests are conducted. The last part of the study is concerned with binder 
testing. 
 
5.2.1. Disk-Shaped Compact Tension (DC(T)) Testing 
To evaluate the fracture characteristics of HMA mixture samples containing different 
percentages of RAS and/or rejuvenator, DC(T) tests were performed for all samples in 
accordance with ASTM D7313-13 [76]. Two DC(T) test samples were cut from the center region 
of each gyratory compact specimen to avoid edge effects. The DC(T) sample geometry and 
loading consists of a circular specimen with a single edge notch loaded in tension, see Figure 5.1. 
The loading rate for the DC(T) tests was controlled through opening displacement at the crack 
mouth. A constant crack mouth opening displacement (CMOD) rate of 1.0 mm/min was utilized. 
Gage points are adhered to the flat face of the specimen at the crack mouth opening to serve as 
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contact points for the displacement gage. The DC(T) testing setup and DC(T) specimen 
geometry are shown in Figure 5.8.   
 
Preliminary tests showed that RAS-modified mixtures can develop thermal cracks at around -8
o
C. 
As a result, the tests were not performed at -12
°
C as recommended by the standards, (i.e., +10
°
C 
higher than the PG low-temperature grade of the asphalt binder). Instead, the testing temperature 
was chosen as 0
o
C to keep the DC(T) test samples above their embrittlement temperature, i.e., to 
prevent thermal cracks because of the RAS presence, see Table 6.1. Fracture energy of the 
specimens was determined by calculating the normalized area under the Load-CMOD curve.  
Normalization was done by dividing the area under the Load-CMOD curve by the ligament 
length and width of the fracture area to obtain the fracture energy required to produce a unit 
fracture area. 
 
 
Figure 5.8. Test setup for DC(T) test; (a) gage points, (b) displacement gage, and (c) contact points for loading 
 
5.2.2. Acoustic Emission (AE) Testing of Mixture Specimens 
Each of the two broken halves from each DC(T) test sample served as one AE test sample. The 
asphalt concrete embrittlement temperatures of the test samples were estimated by recording the 
AE test samples’ acoustic emission response to thermal cooling from 15°C to -50°C. Figure 
(a) 
(a) 
(b) (c) 
(c) 
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5.9(a) and Figure 5.9(b) represent the cooling chamber, and a typical AE test sample cooling rate.  
Figure 5.9(c) and Figure 5.9(d) represent the time domain of one typical AE event and the 
corresponding power spectral density curve. The specimen was placed on felt pads to minimize 
vibrations from the cooling chamber and to allow cool air to circulate under the specimen to 
increase the cooling rate.  A wideband AE sensors (Digital Wave, Model B1025) with a nominal 
frequency range of 50 kHz to 1.5 MHz was coupled directly to the surface of the test specimen 
using high-vacuum grease. Prior to testing, the AE sensors were conditioned in the cooling 
chamber to eliminate the AE events that arise due to the different rates of thermal expansion of 
the sensor’s materials. To reduce extraneous noise, the signals from the AE sensor were pre-
amplified by 20 dB using a broad-band pre-amplifier. The signals were then further amplified 21 
dB (for a total of 41 dB) and filtered using a 20 kHz high-pass double-pole filter. A threshold 
voltage of 0.1V was used, and the signals were digitized using a 16-bit analog-to-digital 
converter using a sampling frequency of 2 MHz. The temperature was monitored and recorded 
using a K-type thermocouple, which was connected to the one of the parametric inputs channels 
on the AE system unit via a K-type thermocouple adapter. The thermocouple was coupled 
directly to the surface of the test specimen using high vacuum grease. To eliminate noise, all 
signals with an AE energy lower than 4 V
2
-μs were filtered out. See Figure 5.10 for a schematic 
of the AE data acquisition system of a generic AE specimen. For additional information 
regarding AE-based estimation of embrittlement temperatures of HMA mixtures the readers are 
referred to references [6-8]. 
 
The temperature corresponding to an event with energy equal or above 4 V
2
-μs is termed the 
mixture’s embrittlement temperature. Note that occasionally a test will produce a few isolated 
AE events above 4 V
2
-μs early on in the test at warm temperatures. Because these events are 
isolated—i.e., AE events do not occur at a regular rate after such an event as the specimen 
continues to cool—they are neglected and not considered to be the mixture embrittlement 
temperature. See Appendix C for a typical plot of the AE energy of each event versus 
temperature. Such plots were used to estimate the embrittlement temperature of RAS-modified 
mixture specimens.  
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Figure 5.9. Acoustic emission testing: (a) Cooling chamber containing a mixture specimen, (b) Typical plot of 
test sample temperature versus cooling time during acoustic emission (AE) testing, (c) Typical acoustic 
emission signal associated with an AE event, and (d) corresponding power spectral density curve. 
 
 
 
Figure 5.10. Data acquisition schematic for AE testing of a generic specimen. 
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5.2.3. Acoustic Emission (AE) Testing of Binder Specimens 
The circular-shaped binder specimens prepared according to Section 5.1.3. In a similar fashion to 
the methodology used for mixture testing, the embrittlement temperatures of the binder 
specimens were estimated by recording the acoustic emission response to thermal cooling from 
15°C to -50°C.  Figure 5.11 depicts a binder specimen in the cooling chamber. As in the AE 
mixture testing, Figure 5.9(b) represents a typical AE test sample cooling rate, and Figure 5.9(c) 
and Figure 5.9(d) represent the time domain of one typical AE event and the corresponding 
power spectral density curve. The specimen was placed on felt pads to minimize vibrations from 
the cooling chamber and to allow cool air to circulate under the specimen to increase the cooling 
rate.  A wideband AE sensor (Digital Wave, Model B1025) with a nominal frequency range of 
50 kHz to 1.5 MHz was coupled to the surface of granite base plate of the specimen using high-
vacuum grease. Prior to testing, the AE sensors were conditioned in the cooling chamber to 
eliminate the AE events that arise due to the different rates of thermal expansion of the sensor’s 
materials. To reduce extraneous noise, the signals from the AE sensor were pre-amplified by 30 
dB using a broad-band pre-amplifier. The signals were then further amplified 24 dB (for a total 
of 54 dB) and filtered using a 20 kHz high-pass double-pole filter.   Note that these gains applied 
are different than those applied to the signals from the AE tests of mixture specimens. A 
threshold voltage of 0.1V was used, and the signals were digitized using a 16-bit analog-to-
digital converter using a sampling frequency of 2 MHz. The temperature was monitored and 
recorded using a K-type thermocouple, which was connected to the one of the parametric inputs 
channels on the AE system unit via a K-type thermocouple adapter. The thermocouple was 
coupled to the interface between the granite base plate and the binder using high vacuum grease.  
To eliminate noise, all signals with an AE energy lower than 4 V
2
-μs were again filtered out. For 
additional information regarding AE-based estimation of embrittlement temperatures of asphalt 
binders the readers are referred to references [5-6]. 
 
After running the AE tests on the binder specimens, it was observed that despite the filters 
applied there was still a significant amount of noise in many of the tests.  Rather than just a few 
negligible, isolated events like those observed in the mixture testing, there were numerous low 
energy events (<10 V
2
-μs) that occurred at low temperatures in many of the tests, at a lower rate 
than what is typically expected once an embrittlement temperature is reached. Even after 
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applying an increased energy filter of 10 V
2
-μs, many test results contained too many isolated 
groups of AE events that were not representative of the embrittlement temperature (the rate of 
the subsequent events was too low to be associated with thermal cracking). This made it difficult 
to choose an embrittlement temperature in a standardized way. Therefore, to better define a low-
temperature cracking point, the embrittlement temperature was defined as the first event above 
10 V
2
-μs such that the rate of events after this point is at least 10 events/0.5°C (i.e. 20 events/°C) 
for all subsequent events. In other words, a higher energy filter was applied to further reduce 
noise, and a constraint on the rate (or density) of AE events per change in temperature was 
applied to standardize the start of thermal cracking. See Appendix C for a typical plot of the AE 
energy of each event versus temperature which was used to estimate the embrittlement 
temperature of RAS-modified binder specimens.  
 
 
Figure 5.11. Cooling Chamber containing a circular shaped binder specimen for AE-based binder testing.  
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CHAPTER 6: 
EXPERIMENTAL RESULTS AND DISCUSSION 
In this chapter, the experimental results and discussions for each of the three parts of the study 
are presented. Part 1 involved the mixture testing of RAS-modified specimens containing 
varying amounts of RAS which were prepared at three different mixing temperatures, Part 2 
involved the mixture testing of RAS-modified mixture specimens containing varying amounts of 
rejuvenator, and Part 3 involved the AE-based testing of RAS-modified binder specimens 
containing varying amounts of rejuvenator. 
 
6.1. PART 1: RAS-MODIFIED MIXTURE SPECIMENS PREPARED AT DIFFERENT 
MIXING TEMPERATURES 
The RAS-modified mixture specimens for Part 1 of the study are prepared as specified in Section 
5.1.1. Recall that these specimens contain varying amounts of RAS (0.0%, 2.5%, 5.0%, 7.5%, 
10.0%, and 12.5% by weight of the total mixture) and were prepared at three different mixing 
temperatures (120°C, 155°C, and 200°C). These specimens were subjected to DC(T) testing and 
subsequent AE testing. The purpose of Part 1 of this study is to quantitatively evaluate the effect 
that RAS has on the low-temperature performance of RAS-modified HMA mixtures, and to 
investigate the effect of mixing temperature on the blending ability between the RAS and virgin 
binders.  
 
6.1.1. Disk-Shaped Compact Tension (DC(T)) Testing 
The peak loads and fracture energy numerical results obtained from the DC(T) tests are 
presented in Table 6.1. Figure 6.1 and Figure 6.2 also shows the DC(T) peak loads and CMOD 
fracture energies, respectively, for the samples made with increasing percentage of RAS.  Figure 
6.3(a) shows the DC(T) load versus CMOD for mixtures with increasing percentage of RAS, 
while Figure 6.3(b) schematically illustrates the increase of peak load while the softening curve 
is shifted down and to the left with increasing percentage of RAS. The decrease in CMOD 
fracture energy with increasing RAS content is intuitive. The addition of oxidized RAS material 
results in a more stiff and brittle mixture, and brittle mixtures result in lower CMOD fracture 
energies. The increase in stiffness inferred from the results shown in Figure 6.3 are consistent 
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with findings of other authors that the inclusion of RAS in HMA can be beneficial to high-
temperature performance [10-11, 13, 15-16, 24, 26]. 
 
While the peak load was insensitive to changes in the mixing temperature, fracture energies were 
generally higher for the mixtures prepared at 200°C. The trend is most clearly observed for 
mixtures containing 7.5% and 10.0% RAS by weight of the total mixture. This makes sense since 
there is better blending between the RAS and virgin binder at higher mixing temperatures, thus 
creating a composite binder with a lower net stiffness than mixtures containing a less completely 
blended composite binder. Still, because of the stiff nature of the RAS material, one would 
expect the fracture cracking resistance to continue to decrease with increasing amounts of the 
RAS material even at high mixing temperatures, thus limiting the use of large amounts of RAS 
in HMA mixtures.  
 
 
Figure 6.1. DC(T) Peak Load versus RAS Content for mixtures prepared at three different mixing 
temperatures. The error bars reflect the maximum and minimum of the experimentally obtained values. 
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Figure 6.2. DC(T) CMOD Fracture Energy versus RAS Content for mixtures prepared at three different 
mixing temperature. The error bars reflect the maximum and minimum of the experimentally obtained 
values. 
 
 
Figure 6.3. DC(T) test results for mixtures with increasing percentage of RAS at the different mixing 
temperatures of 120°C, 155°C and 200°C: (a) corresponding DC(T) average load vs. CMOD, and (b) 
schematic representation of the DC(T) Load vs. CMOD showing the increase in peak load with increasing 
RAS content along with shifting down of the softening of the load vs. CMOD curve. 
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6.1.2. Acoustic Emission (AE) Testing 
Table 6.1 and Figure 6.4 show the average embrittlement temperature (average of four AE test 
specimens) for each percentage of RAS. During each test, approximately 100,000 to 200,000 AE 
events were recorded. The data showed that the embrittlement temperatures are significantly 
affected by the presence of RAS.  Even the presence of a small percentage of RAS significantly 
reduces the embrittlement temperatures. Using the mixture temperature of 155°C, the mixture 
without RAS has an embrittlement temperature of -18.90°C while the corresponding mixture 
with 2.5% RAS has an embrittlement temperature of -10.97°C. The warmer embrittlement 
temperatures in the presence of RAS occurs because even when the mixtures are prepared at 
200°C, localized regions of RAS (or RAS nodules) still exist within the test sample as it is 
illustrated in Figure 6.6.  During cooling of the test samples, these RAS nodules are the first to 
accumulate damage by cracking at warmer temperatures, which leads to warmer embrittlement 
temperatures of the overall mixture. Note that a similar phenomenon was observed by Behnia et 
al. when using the same AE test method to investigate HMA mixtures containing RAP [8]. 
 
Figure 6.4 also indicates that mixing at warmer temperatures has a small mitigating effect upon 
the loss of low-temperature performance, i.e., the warming embrittlement temperatures due to the 
presence of RAS. Mixtures containing RAS consistently had lower embrittlement temperatures, 
i.e., better low-temperature performance, when the mixture was prepared at 200°C.  As observed 
in the CMOD fracture energies from DC(T) testing, the improvement can be attributed to the 
better mixing between the stiff RAS binder and the virgin binder. 
 
Figure 6.5 shows that the AE event energy distributions for the specimens with 0.0% RAS mixed 
at 155°C have more distinct maxima when compared to the HMA with 10.0% RAS mixed at 
120°C and 200°C.  The HMA with 10.0% RAS mixed at 120°C and 200°C have only about 39% 
and 13%, respectively, of the total event energy of the mixture with 0.0% RAS. Figure 6.5 
implies that the partial blending of the stiffer and lower-viscosity (i.e., highly-oxidized) asphalt 
from RAS with the virgin binder increases with the mixing temperature. This increase in 
blending with temperature of the oxidized asphalt from RAS with the virgin binder leads to 
mixtures with a blended binder that has lower levels of adhesion than the virgin binder, which 
results in lower AE energy events.  
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Figure 6.4. Embrittlement Temperature (estimated from the AE-based approach) versus RAS Content of 
mixtures prepared at the three different mixing temperatures. The error bars indicate ±1 standard deviation.  
 
 
Figure 6.5. Frequency distribution of AE event energy for HMA mixtures containing no RAS mixed at 155°C 
and for HMA mixtures containing 10.0% RAS mixed at 120°C and 200°C. 
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The improvement in the embrittlement temperature observed at the 10.0% and 12.5% levels of 
RAS, see Table 6.1 and Figure 6.4, may be due to the inhomogeneity in the distribution of the 
RAS material and small temperature gradients throughout the specimen. Recall that nodules of 
RAS were observed in the cross-sections of most of the specimens, see Figure 6.6. Again, these 
RAS nodules are the weakest link in the system because they represent local regions with 
warmer embrittlement temperature; therefore, they are the first regions to develop damage 
accumulation during cooling. As the specimens are cooled, the surface of the specimens will cool 
first. Consequently, there is a small temperature gradient such that the interior of the specimen is 
warmer than the exterior. Therefore, the location of the RAS nodules will have an effect on the 
embrittlement temperature. The thermocouple monitors the temperature of the surface of the 
specimen. So if the RAS nodules are near the surface, the nodules would produce AE events 
when the thermocouple records the embrittlement temperature and the estimate would be 
accurate. However, if the nodules are more towards the center of the specimen, the embrittlement 
temperature would be underestimated because the surface temperature is lower than the actual 
temperature near the center of the specimen where the damage occurred. If the two binders had 
been completely blended (i.e., no RAS nodules), a gradual warming of the embrittlement 
temperature with increasing RAS content is expected. Without complete blending, however, 
more RAS nodules would form with increasing RAS content, thus introducing more weak links 
in the mixture and limiting the use of larger amounts of RAS. Regardless, the warming of the 
embrittlement temperature for any amount of RAS compared to the virgin binder is clearly 
observed in this study.  
 
 
Figure 6.6. Cross-sections of gyratory compacted samples containing 5.0% RAS and mixed at 120°C, 155°C, 
and 200°C.  The figure shows nodules of RAS in the test samples, (some nodules circled in red), and illustrates 
the difficulty in blending the oxidized asphalt extracted from the RAS in the test samples.  When lowering the 
temperature during AE testing, these nodules are the first to accumulated damage, i.e., to crack, which leads 
the embrittlement temperatures for the mixtures containing RAS to become warmer. 
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Table 6.1. HMA mixtures containing varying RAS content and prepared at different mixing temperatures, 
and the corresponding DC(T) test results and embrittlement temperatures from AE testing. 
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Please note that the RAS binder had been found to have a performance grading of PG136-04.  
The low-temperature performance of (-4°C) was estimated based upon its rheological properties 
obtained via the BBR test.  The embrittlement temperatures using AE are estimated by recording 
the temperature at which low-temperature cracking occurs, which makes the AE-based 
embrittlement temperatures more accurate. Furthermore, the AE-based approach typically 
provides lower embrittlement temperatures (consistently about 5°C to 6 C lower) than the low-
temperature cracking (i.e., behavior) estimated using the rheological properties extracted via the 
BBR method. The variability of the embrittlement temperatures observed in Table 1 is mainly 
attributed to: (1) small temperature gradients in the test sample, (2) increase in blending of the 
asphalt binders (i.e., of the RAS binder with the virgin binder) with the mixing temperature, (3) 
random location of the RAS nodules within the test sample, and (4) variability in the RAS binder 
caused by different levels of oxidation. and (5) the more accurate evaluation of the embrittlement 
temperatures of the AE-based method as compared to the embrittlement temperatures estimated 
using the rheological data extracted from the BBR tests. 
 
6.2.  PART 2: RAS-MODIFIED MIXTURE SPECIMENS CONTAINING 
REJUVENATOR 
For Part 2 of this study, RAS-modified mixture specimens containing different amounts of 
rejuvenator are prepared as specified in Section 5.1.2. Recall that these specimens contain a set 
amount of RAS (7.5% by weight of the total mixture) varying amounts of rejuvenator (0.0%, 
2.5%, 5.0%, 7.5%, 10.0%, 12.5%, and 25.0% by weight of the RAS binder) and are prepared 
using two different mixing technique (Mixing Technique 1 blends the rejuvenated RAS with the 
batched aggregates as in Part 1, and Mixing Technique 2 c). These specimens are subjected to 
DC(T) testing and subsequent AE testing. The purpose for Part 2 of this study is to quantitatively 
evaluate the effect that rejuvenator has on the low-temperature performance of RAS-modified 
HMA mixtures, and to investigate the effect of mixing technique on the blending ability between 
the rejuvenated RAS and virgin binders.  
 
6.2.1. Disk-Shaped Compact Tension (DC(T)) Testing 
The peak loads and fracture energy numerical results obtained from the DC(T) tests conducted 
on specimens prepared using Mixing Technique 1 and Mixing Technique 2 are presented in 
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Table 6.3 and Table 6.4, respectively.  Figure 6.7 and Figure 6.8 also show the DC(T) peak loads 
and CMOD fracture energies, respectively, for the samples made with increasing percentages of 
rejuvenator. Note that some of the replicates failed unexpectedly sudden during DC(T) testing, 
thus the data from these tests were invalid and are not presented. Regardless, from the obtained 
data, it is clear that the increasing rejuvenator content has very little effect on the cracking 
resistance properties of HMA mixtures containing with rejuvenated RAS. The values for peak 
load and CMOD fracture energy both remain essentially statistically equivalent with increasing 
levels of rejuvenator. The one outlier in the CMOD fracture energy data (25.0% rejuvenator, 
using Mixing Technique 2) is interesting. The high fracture energy (858 J/m
2
) implies that the 
mixture is less stiff than mixtures with lower rejuvenator content. Although this result does not 
contradict the fact that the role of a rejuvenator is to reverse the stiffening effect of highly aged 
materials, in the context of the rest of the data, it is not likely that the increasing rejuvenator 
content significantly improves the compliance of the modified mixtures.  
 
 
Figure 6.7. DC(T) Peak Load versus Rejuvenator Content for mixtures containing 7.5% RAS and prepared 
using two different mixing techniques. The error bars reflect the maximum and minimum of the 
experimentally obtained values. 
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When comparing the DC(T) results from the two mixing techniques, there is no evidence that 
one technique is preferable over the other. For example, mixtures containing 0.0% and 12.5% 
rejuvenator content had higher fracture energies when prepared using Mixing Technique 1 
(mixed the rejuvenated RAS with the batched aggregates), while the other mixtures had higher 
fracture energies when prepared using Mixing Technique 2 (mixed the rejuvenated RAS with the 
virgin binder). Also, the percent difference between the two results is relatively low, see Table 
6.2. Note that a positive percent difference indicates that the value for Mixing Technique 1 is 
greater than that of Mixing Technique 2, and a negative percent difference indicates the opposite. 
The largest difference between the results from the two techniques is in the CMOD fracture 
energy data for the specimens containing 25.0% rejuvenator; however, this is again due to the 
outlying data from the specimens prepared using Mixing Technique 2. Overall, the two mixing 
techniques produced mixture specimens that seem to have very similar cracking resistance 
properties. 
 
 
Figure 6.8. DC(T) CMOD Fracture Energy versus Rejuvenator Content for mixtures containing 7.5% RAS 
and prepared using two different mixing techniques. The error bars reflect the maximum and minimum of 
the experimentally obtained values. 
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6.2.2. Acoustic Emission (AE) Testing 
Table 6.3, Table 6.4, and Figure 6.9 present the average embrittlement temperature (average of at 
least two AE test specimens) for each percentage of rejuvenator and for each mixing technique. 
During each test, a number of AE events detected varied significantly. Some tests recorded less 
than 100,000 events, while others recorded more than 300,000 events. Due to a lack of memory 
on the computer, some of these test results were unable to be processed and thus not reported 
(also the standard deviation is omitted due to the reduced number of replicates), see Table 6.3 
and Table 6.4. Moreover, the lack of consistency in the number of AE events made it impractical 
to report on the AE energy distribution. 
 
 
Figure 6.9. Embrittlement Temperature (estimated from the AE-based approach) versus Rejuvenator 
Content for mixtures containing 7.5% RAS and prepared using two different mixing techniques. The error 
bars reflect the maximum and minimum of the experimentally obtained values. 
 
From the data that was able to be processed, it was found that the embrittlement temperatures 
were considerably affected by the presence of rejuvenator. As the rejuvenator content increased, 
the embrittlement temperatures decreased. In fact, the embrittlement temperatures of the 
mixtures containing 10.0% rejuvenator were about 6°C warmer that the embrittlement 
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temperatures of the mixtures containing no rejuvenator for both mixing techniques. This implies 
that the rejuvenator fulfilling its purpose, i.e., to soften the highly oxidized RAS material, thus 
improving the low-temperature performance. However, this is only true up to a certain level of 
rejuvenator. For mixtures containing 7.5% RAS by weight of the total mixture, the results show a 
saturation point at around 10.0% rejuvenator by weight of the RAS binder. That is, the addition 
of more rejuvenator above this level has little to no effect on the embrittlement temperature. This 
makes sense since the rate of diffusion of the rejuvenator throughout the RAS material is finite. 
Perhaps a dwell time longer than 24 hours would allow for more of the rejuvenator to thoroughly 
diffuse throughout the RAS, thus shifting the saturation point to a higher rejuvenator percentage. 
Nonetheless, it is predicted that there will always be a saturation point since the rejuvenator is 
likely only able to soften the RAS up to a certain level, even if there is sufficient time was 
allotted for 100% of the rejuvenator to homogeneously diffuse throughout the entirety of the 
RAS material. 
 
 
Table 6.2. Percent Differences in results from DC(T) and AE testing for specimens prepared with Mixing 
Technique 1 and Mixing Technique 2.  
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As in the DC(T) test results, there is no unequivocal trend indicating which mixing technique is 
better in terms of the embrittlement temperature estimated by the AE technique. It is once more 
observed that at some percentages of rejuvenator (0.0% and 10.0%), mixtures prepared using 
Mixing Technique 1 had lower embrittlement temperatures than those prepared using Mixing 
Technique 2; while at the other percentages of rejuvenator, the opposite is true. Also, the percent 
differences between the two results are again relatively low, see Table 6.2. For example, the 
percent difference in the embrittlement temperature of the mixtures containing 25% rejuvenator 
was only 3% for the two different mixing techniques. Moreover, the variation in the replicates 
was not constantly lower for either one of the mixing techniques, see error bars in Figure 6.9.  
The data imply that mixture prepared with either mixing technique have statistically similar low-
temperature performance. 
 
6.2.3. Cross-Section Observations 
The cross-sections produced from cutting the DC(T) specimens prepared at the same mixing 
temperature (155°C) for Part 1 and Part 2 of the study were compared to determine if there were 
notable difference that could be visually observed with the naked eye, see Figure 6.10. It is 
clearly evident that the quantity and size of RAS nodules were reduced significantly for 
specimens prepared for Part 2 of the study, compare to Figure 6.6. This makes sense because the 
RAS material was subjected to additional shredding before it was added to the mixture. The 
observation implies that the shift to a finer gradation of the RAS material promoted better 
blending between the RAS and virgin binders, thus mitigating the presence of localized region of 
RAS. This could mean that if a finer RAS gradation were used in Part 1 of the study, a more 
gradual decrease in embrittlement temperature would have been observed since there would not 
be as many RAS nodules acting as weak links which govern the initiation of thermal cracking.  
However, there is no visible evidence that suggests one mixing technique is better than the other; 
mixtures prepared by mixing the rejuvenated RAS with the batched aggregates (Mixing 
Technique 1) produces very similar looking cross sections to the mixtures prepared by mixing 
the rejuvenated RAS with the virgin binder (Mixing Technique 2). This similarity agrees with 
the similar quantitative results described above, see Table 6.2.  
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Table 6.3. HMA mixtures containing varying rejuvenator content and prepared using Mixing Technique 1, 
and the corresponding DC(T) test results and embrittlement temperatures from AE testing 
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Table 6.4. HMA mixtures containing varying rejuvenator content and prepared using Mixing Technique 2, 
and the corresponding DC(T) test results and embrittlement temperatures from AE testing 
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Figure 6.10. Cross-sections of gyratory compacted samples containing 7.5% RAS and varying amounts of 
rejuvenator, prepared using the two different mixing techniques. The figure shows no obvious differences 
between the cross-sections of two sets of specimens, which supports the data. Although some RAS nodules 
persist (circled in red), their quantity and size are much less than that seen in specimens prepared at the same 
temperature (155°C) in Part 1 of the study, suggesting that the addition shredding of the rejuvenated RAS 
material did in fact mitigate the presence of these localized regions of RAS. 
 
6.3.  PART 3: RAS-MODIFIED BINDER SPECIMENS CONTAINING REJUVENATOR 
The RAS-modified, circular-shaped binder specimens for Part 3 of the study are prepared as 
specified in Section 5.1.3. Recall that two iterations of AE testing were conducted to estimate 
embrittlement temperatures of binder specimens containing 10.0% RAS and varying amounts of 
rejuvenator (0.0%, 2.5%, 5.0%, 7.5%, 10.0%, and 12.5%). For iteration 1, the rejuvenator was 
added to the un-sieved RAS material, given a 24 hour dwell time, and then sieved to be added to 
the virgin binder. For iteration 2, the rejuvenator was added to the sieved material, given a 24 
hour dwell time, and then added to the virgin binder. A supplementary investigation was also 
conducted during the second iteration of testing to determine if additional dwell time would 
allow the rejuvenator to have a greater softening effect and thus improve the low-temperature 
performance of the RAS-modified binder. 
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6.3.1. Iteration 1: Results for Specimens Containing RAS, Rejuvenated Before Sieving 
Figure 6.11 and Table 6.6 show the average embrittlement temperatures of the circular-shaped 
binder specimens containing 10.0% RAS and varying amounts of rejuvenator, added to the un-
sieved RAS material, which were subjected to AE testing. During each test, approximately 
10,000 AE events were recorded. From the data, it appears that there was little change in 
embrittlement temperature with increasing rejuvenator content. There was some slight warming 
of the embrittlement temperature from the virgin PG64-22 binder to the RAS-modified binder 
with no rejuvenator. This observation makes sense due to the stiffening effect of RAS; however, 
the variation in the data (see the error bars) does not allow for conclusive support of this 
statement.  
 
 
Figure 6.11. Embrittlement Temperatures versus Rejuvenator Content from AE testing of circular-shaped 
binder specimens containing 10.0% RAS and varying levels of rejuvenator, applied before sieving. The error 
bars reflect the maximum and minimum of the experimentally obtained values. 
 
The only notable improvement seen in the embrittlement temperature is at 12.5% rejuvenator. 
Perhaps this is because at lower quantities, little or no rejuvenator is able to diffuse to the fine 
RAS particles. This seems to imply that the coarser RAS particles—likely the RAS pellets and 
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the fibers—have a high affinity to the rejuvenator and thus absorb much of it before it is able to 
affect the fine RAS particles. Moreover, it was observed that the mass of fines obtained by 
sieving decreased as the rejuvenator content increased due to an increased amount of 
conglomeration of the RAS particles, see Table 6.5. This may imply that a higher concentration 
of the rejuvenator is contained in the coarse RAS material that does not pass through the No. 50 
sieve. Because the coarse RAS particles were not filtered out in the mixture study (Part 2), 
improvements were seen in embrittlement temperature with increasing levels of rejuvenator up to 
a saturation point. If the rejuvenator was applied directly to the fine RAS particles, perhaps a 
better trend would be observed (i.e., improvement of the embrittlement temperature with 
increasing rejuvenator content, likely up to some saturation point as observed in the mixture 
study). Although this does not seem like a practical method for industry, it is an interesting 
academic pursuit that was investigated in the second iteration of this part of the study. Some 
issues that may arise with this method, however, could be the coalescing of the fine RAS 
particles after the application of the rejuvenator, see Figure 6.15. This could cause blending 
problems when mixing the rejuvenated RAS with the virgin binder. 
 
Table 6.5. Mass of fine RAS particles passing through the No. 50 sieve after additional shredding and 
agitation for varying rejuvenator content. 
 
 
Figure 6.12 shows the frequency distribution of AE event energy for binder specimens 
containing no RAS (virgin control specimen) or 10.0% RAS and varying amounts of rejuvenator, 
added before sieving the RAS material. The distributions for each set of binder specimens takes 
on very similar shapes; most events are in the lower energy regime (4 to 6 V
2
-μs) and the 
frequency of events drops off for the higher energy levels. At a glance, it appears that there may 
be a trend in the total energy of the AE events with respect to rejuvenator content; however, the 
results are not consistent enough to make a conclusive claim. Figure 6.13 shows that although 
the average total AE energy generally increased as rejuvenator content increased, there is a high 
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amount of variation (see the error bars) and a drop in total energy for the binder specimen 
containing 12.5% rejuvenator.  
 
Table 6.6. Embrittlement Temperatures from AE testing of circular-shaped binder specimens containing 10.0% 
RAS and varying levels of rejuvenator, applied before sieving. 
 
 
The decrease in total AE energy at 12.5% rejuvenator may be related to the saturation point 
observed in the mixture study conducted in Part 2, see Section 6.2.2. In other words, too much 
rejuvenator may actually have adverse effects of the binder’s properties. Regardless, the binder 
specimens containing 10.0% RAS and any amount of rejuvenator had higher average total AE 
energies than that of the virgin binder specimen and the specimen containing 0.0% rejuvenator. 
Recall that in Part 1, see Section 6.1.2, it was inferred that the inclusion of RAS in HMA 
mixtures reduced the average total AE energy because the stiff RAS lowers the adhesion of the 
binder. Although such a decrease in the average total AE energy is not observed between the  
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Figure 6.12. Frequency distribution of AE event energy for binder specimens containing 10.0% RAS varying 
amounts of rejuvenator, applied before sieving. 
 
Figure 6.13. Average Total AE Energy versus Rejuvenator Content for binder specimens containing 10.0% 
RAS varying amounts of rejuvenator, applied before sieving. The error bars reflect the maximum and 
minimum of the experimentally obtained values. 
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virgin binder specimen to the binder specimen containing 10.0% RAS and no rejuvenator, the 
increase in energy for the specimens containing rejuvenator may imply that the rejuvenator may 
improve the binders’ adhesive properties. Perhaps the total average AE energy is higher for the 
specimen containing 10.0% RAS and no rejuvenator than for the virgin specimen because the 
RAS acts like another phase in the composite binder which is more susceptible to thermal 
cracking. An increase in the amount of cracking would correspond to higher total AE energy. 
The cracking phenomenon in RAS-modified binders is not fully understood, and it is likely that 
there are competing effects at work. 
 
6.3.2. Iteration 2: Results for Specimens Containing RAS, Rejuvenated After Sieving 
Figure 6.14 and Table 6.7 show the average embrittlement temperatures of the circular-shaped 
binder specimens containing 10.0% RAS and varying amounts of rejuvenator, added to the 
sieved RAS material, which were subjected to AE testing. During each test, approximately 
10,000 AE events were recorded. There is a slight indication that the binder specimens 
containing RAS and/or rejuvenator have warmer embrittlement temperatures than the virgin 
binder specimen; however, the difference is only about 1 to 2°C. This makes sense since the stiff 
RAS should degrade the low-temperature performance. It was then expected that as the 
rejuvenator content increased, the embrittlement temperature would decrease—especially since 
the rejuvenator was directly applied to the RAS fines in this iteration. However, the effect of the 
rejuvenator on the embrittlement temperature of the binder is not clearly observed in these results. 
Once again, the embrittlement temperatures were essentially statistically equivalent for all levels 
of rejuvenation. Even at 12.5% rejuvenator, there was no improvement (like the improvement 
observed in the first iteration of testing).  
 
The lack of correlation between the rejuvenator content and the embrittlement temperature could 
be attributed to the coalescing of the RAS fines observed when adding the rejuvenator, see 
Figure 6.15. Despite the mixing effort, perhaps the clumps prevented the rejuvenator from fully 
diffusing to the RAS. Even when given the additional dwell time of 72 hours (for a total of 96 
hours), the data showed no improvement in the embrittlement temperature. This may indicate 
that the 24 hour dwell time was sufficient to saturate the RAS. Alternatively, it may mean that 
the coalescing of the RAS fines prevented the rejuvenator from fulfilling its function, regardless 
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of the time allotted for diffusion. Another explanation for the unvarying results could be related 
to the geometry of the test specimens. Perhaps the small thickness of the specimen controls when 
the specimen begins to cracks, independent of the stiffness or adhesion of the modified binder. 
Additional testing of different grades of virgin binder could reveal if the geometry is in fact the 
dominant factor influencing the initiation of thermal cracks. Section 6.3.3 provides further 
discussion on the geometry of the binder specimens. 
 
 
Figure 6.14. Embrittlement Temperatures versus Rejuvenator Content from AE testing of circular-shaped 
binder specimens containing 10.0% RAS and varying levels of rejuvenator, applied after sieving. The green 
bar represents the specimen given 96 hours of dwell time. The error bars reflect the maximum and minimum 
of the experimentally obtained values. 
 
Figure 6.16 shows the frequency distribution of AE event energy for binder specimens 
containing no RAS (virgin control specimen) or 10.0% RAS and varying amounts of rejuvenator, 
added after sieving the RAS material. The distribution once again has a similar shape for all of 
the binder specimens; most of the AE events had a low energy (4 to 10 V
2
-μs) and the frequency 
of high energy events continually decreased. However, a consistent trend between AE energy 
and rejuvenator is even less discernable from the data from this iteration than from the data from 
the first iteration. For instance, there is a peak in the average total AE energy at 5.0% and 12.5% 
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rejuvenator, see Figure 6.17. Also, there is once again a high level of variation in the average 
total AE energy, see the error bars in Figure 6.17. Nonetheless, the binder specimens containing 
rejuvenator had higher average total AE energies than that of the virgin binder specimen and the 
specimen containing 0.0% rejuvenator, as observed in first iteration of testing. As discussed in 
Section 6.3.1, this may imply that the rejuvenator improved the binders’ adhesive properties. 
Still, the data only allows for a rather speculative discussion. It is very probable that there are 
other competing factors that influence the AE energy. For example, the rejuvenated RAS 
particles may act as a distinct phase in the binder composite, and perhaps an inhomogeneous 
distribution of these particles (due to coalescing) has a significant effect. It was also interesting 
that there is a noteworthy reduction in average total AE energy for the specimen containing 12.5% 
rejuvenator and given 96 hours of dwell time. It was expected that the additional dwell time 
would allow for more complete diffusion and thus greater improvement in adhesion properties, 
which would be indicated by an increase in total AE energy. This further indicates the need for 
additional research on the cracking phenomenon in RAS-modified binders containing 
rejuvenator. 
 
 
Figure 6.15. Fine RAS material after the addition of rejuvenator. Notice the coalescing of the particles as the 
rejuvenator content (denoted in the upper left hand corner of each photo) increases.  
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Figure 6.16. Frequency distribution of AE event energy for binder specimens containing 10.0% RAS varying 
amounts of rejuvenator, applied after sieving. 
 
Figure 6.17. Average Total AE Energy versus Rejuvenator Content for binder specimens containing 10.0% 
RAS varying amounts of rejuvenator, applied after sieving. The green bar represents the specimen given 96 
hours of dwell time. The error bars reflect the maximum and minimum of the experimentally obtained values. 
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Table 6.7. Embrittlement Temperatures from AE testing of circular-shaped binder specimens containing 10.0% 
RAS and varying levels of rejuvenator, applied after sieving 
 
 
6.3.3. Binder Specimen Fracture Surface: Block and Spiral Cracking 
The choice in the geometry of the binder specimens was not arbitrary; a thin, circular specimen 
was chosen to promote better bonding between the binder and the base plate. During preliminary 
testing, the initial geometry was a BBR beam-shaped specimen as specified in ASTM D6648-01 
[77]. Using aluminum beams covered in thread seal tape to make a mold, binder specimens 
adhered to a base plate were prepared. Both aluminum and granite base plates were tested. For 
both type of base plates, bonding issues occurred. The stiff RAS material added to the binder 
lowered the adhesion such that the binder would completely delaminate from the base plate 
before thermal cracking initiated. Because there was nothing constraining the specimen to the 
base plate, the specimen simply contracted without experiencing any transverse cracking due to 
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the stresses induced by the mismatch in the thermal expansion coefficient between the binder and 
the base plate. Consequently, the AE activity observed corresponded to the debonding of the 
specimen, rather than the onset of thermal embrittlement.  
 
 
Figure 6.18. Typical examples of aluminum base plates after complete debonding of BBR beam-shaped 
binder specimens during to AE testing. Notice that there is some indication of minor spiral cracking at the 
ends and along the length of the specimen (arrows); however, the specimen was never constrained enough to 
create the desired transverse thermal cracks. 
 
 
Figure 6.19. Typical example of granite base plate after complete debonding of BBR beam-shaped binder 
specimens during to AE testing. Notice that there is more indication of minor spiral cracking along the length 
of the specimen; however, the binder specimen still completely debonded and no transverse thermal cracks 
occurred. 
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If thermal cracking did occur, spiral cracking would be evident on the surface of the base plate 
after the binder had been removed. Transverse cracks through the binder would create block 
sections along the length of the BBR beam-shaped specimen. At the interface of each of the 
block sections and the base plate, evidence of a spiral crack would be observed. The spiral crack 
indicates that there was good bonding between the binder and base plate. As stated above, 
however, this was not the case for the BBR beam-shaped specimens. Figure 6.18 shows three 
typical aluminum base plates after the complete debonding of the BBR beam-shaped binder 
specimens due to AE testing. Some spiral cracking did appear at the ends of the specimens and 
the initiation of some spiral cracks was evident along the length of some specimens. This 
indicates that there was some resistance to delamination; however, not enough to allow for 
transverse thermal cracks to propagate and form block sections along the length of the binder 
specimen. The same thing was observed when using granite base plates, but there seemed to be 
slightly more resistance to debonding for this material, see Figure 6.19. 
 
 
Figure 6.20. Typical examples of (a) block cracking (encircled) and (b) spiral cracking (indicated by arrows) 
observed after running AE tests on circular-shaped binder specimens on granite base plates. 
 
To address the debonding issue, the area of the interface between the binder and the base plate 
was increased by choosing circular-shaped geometry (diameter = 70 mm). Also, a lower 
thickness (2 mm) was chosen to promote better bonding. From AE testing, this geometry 
produced the desired block cracking indicative of good bonding and thermal crack propagation, 
(a) (b) 
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see Figure 6.20(a). Furthermore, after scraping off the brittle binder, spiral cracking was 
observed on the surface of the granite base plate, see Figure 6.20(b). As mentioned above, 
however, one concern with using this geometry is that that the small thickness of the specimen 
may have more influence on the embrittlement temperature than the additives which modify the 
binder. In other words, binder specimens with such geometry may always crack at around -32°C 
to -35°C despite the effect that the RAS and rejuvenator potentially have on the overall stiffness 
and/or adhesive properties of the modified binder.  
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CHAPTER 7: 
CONCLUSIONS 
The use of RAS in HMA pavement applications was investigated via DC(T) testing and an AE-
based technique for estimating the embrittlement temperature of RAS-modified mixtures and 
asphalt binders. The study was divided into three main parts. Part 1 examined HMA mixtures 
containing varying amounts of RAS (0.0%, 2.5%, 5.0%, 7.5%, 10.0%, and 12.5% by weight of 
the total mixture) which were prepared at three different mixing temperatures (120°C, 155°C, 
and 200°C). The effect of mixing temperature on the blending between the RAS binder and the 
virgin binder was inferred from the data. Part 2 evaluated the effect of varying amounts of 
rejuvenator (0.0%, 2.5%, 5.0%, 7.5%, 10.0%, 12.5%, and 25.0% by weight of the RAS binder) 
on HMA mixtures containing 7.5% RAS by weight of the total mixture. The effect of mixing 
technique for blending the rejuvenated RAS and the virgin materials was also assessed. Finally, 
Part 3 tested circular-shaped binder specimens containing finely graded (passing through sieve 
No. 50) RAS material (10.0% by weight of the binder and varying amounts of a rejuvenator. 
Two iterations of testing were conducted. For iteration 1, rejuvenator was added to the RAS 
before sieving, and for iteration 2, rejuvenator was added to the RAS material after sieving. The 
primary objective of this suite of testing was to determine the influence of RAS on the low-
temperature performance, and to investigate the effectiveness of rejuvenators on restoring any 
loss in said performance. 
 
7.1. SUMMARY OF PART 1: RAS-MODIFIED SPECIMENS AT DIFFERENT 
MIXING TEMPERATURES  
In Part 1 of the study, it was observed that the presence of RAS affects the peak load and fracture 
energy results from the DC(T) tests. The observed increase in the peak load with an increase in 
the RAS percentage is consistent with observations from other investigators, and indicates that 
the presence of RAS stiffens the overall mixture and does not degrade, but perhaps imrpoves the 
high-temperature performance in HMA. However, it was observed that even a small percentage 
of RAS significantly affects the mixture’s embrittlement temperatures; for example, when using 
a mixing temperature of 155°C, the presence of 2.5% RAS increases the embrittlement 
temperature from    -18.90°C (for the mixture without RAS) to -10.97°C. The inclusion of RAS 
also decreased the total AE energy, see Figure 6.5, indicating that the stiff RAS material lowers 
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the level of adhesion between the aggregate and the binder. Moreover, higher mixing 
temperatures appear to have a mitigating effect regarding warming of the embrittlement 
temperatures for mixtures containing RAS. For example, the embrittlement temperatures for the 
mixture with 12.5% RAS, mixed at 120°C and 200°C, were estimated at -8.61°C and -13.34°C, 
respectively. Cross-sectional observations also revealed that localized concentrations of RAS 
material (i.e., RAS nodules) were larger and more pronounced in mixtures prepared at lower 
mixing temperatures. These RAS nodules are the first to accumulate damage and thus produce 
the first AE events that dictate the warmer embrittlement temperature. This warming of the 
embrittlement temperatures is most likely due to the partial blending of the highly oxidized 
asphalt from the shingles with the virgin binder and to the current practices of mixture 
preparation, which indicates that additional research may be necessary regarding mixture 
preparation in the field before mixtures containing RAS are used in cold environments. The AE-
based approach to estimate embrittlement temperatures of the HMA mixtures containing RAS 
shows much potential for studying the embrittlement temperature dependence upon the RAS 
percentage and different mixing preparation including different mixing temperatures. 
 
7.2. SUMMARY OF PART 2: RAS-MODIFIED SPECIMENS CONTAINING 
REJUVENATOR 
In Part 2 of the study, DC(T) testing showed that the peak loads and fracture energies were 
generally insensitive to varying rejuvenator content. From the AE test results, it was observed 
that the embrittlement temperatures decreased with increasing rejuvenator content up to a certain 
saturation point, see Figure 6.9. For mixtures containing 7.5% RAS, the data showed that this 
saturation point was around 10.0% rejuvenator by weight of the RAS binder. The estimated 
embrittlement temperature went from -4.32°C for the 0.0% rejuvenator mixture to -10.54°C for 
the 10.0% rejuvenator mixtures, but it stayed at around -10.50°C for the 12.5% and 25.0% 
rejuvenator mixtures. This is likely due to the fact that the rejuvenator cannot soften the RAS 
beyond a certain amount, and not due to an insufficient dwell time. Moreover, neither the DC(T) 
or AE test results seemed to favor one mixing technique over the other. That is, similar results 
were obtained from mixtures that were prepared by mixing the rejuvenated RAS with the 
batched aggregates (Mixing Technique 1) and from mixtures that were prepared by mixing the 
rejuvenated RAS with the virgin binder (Mixing Technique 2). The data undoubtedly supports 
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the use of rejuvenators in conjunction with RAS; however, additional testing is required to fully 
understand the effects of the softening agent. 
 
7.3. SUMMARY OF PART 3: RAS-MODIFIED BINDER SPECIMENS CONTAINING 
REJUVENATOR 
In Part 3 of the study, very little conclusive data was obtained from the AE testing of RAS-
modified binder specimens containing rejuvenator. Whether the rejuvenator was added before or 
after sieving did not seem to have an effect on the embrittlement temperatures of the specimens. 
Furthermore, the embrittlement temperatures generally hovered between -32°C and -35°C for all 
levels of rejuvenator. Note that there was not even a significant difference in embrittlement 
temperature observed between the virgin binder (-35.46°C) and the binder containing 10.0% 
RAS and no rejuvenator (-34.52°C). It was hypothesized that the thin geometry of the specimen 
had more control over thermal cracking initiation than the additives modifying the binder. Recall 
that the geometry was chosen to improve the bond between the asphalt binder and the granite 
substrate. Thicker, beam-shaped specimens were also tested, but the binder would completely 
delaminate and render the AE results useless (the results represented the AE activity of the 
debonding, not of thermal cracking). Although the thin, circular-shaped specimens resulted in 
thermal block cracking (with spiral cracking observed at the interface of the granite and asphalt), 
the lack of change in embrittlement temperature with varying rejuvenator content indicates that 
this test method requires further modification. The AE energy distribution showed some 
indication that rejuvenator may improve adhesion (higher AE energy was observed in RAS-
modified binder specimens containing rejuvenator); however, it is likely that several competing 
effects are influencing the results and hence additional testing is required to verify this claim. 
From the supplementary study on dwell time, it was found that the additional 72 hours of dwell 
time did not improve the embrittlement temperature. In fact, the data showed that the 
embrittlement temperature was about 0.3°C warmer for the specimens given 96 hours of dwell 
time. Overall, it is evident that the AE testing of asphalt binder containing highly oxidized 
recycled materials is quite challenging; however, continued modification of the geometry and 
techniques for specimen preparation could result in a more robust AE-based test method for 
estimating embrittlement temperature of such binders. 
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7.4. RECOMMENDATIONS AND FINAL REMARKS 
While Part 1 of this study was quite successful in quantitative evaluating the low-temperature 
performance of RAS-modified HMA mixtures, some additional testing would still benefit the 
canon of knowledge on the subject. For example, a study could investigate the use of different 
virgin base binders with the same varying levels of RAS. The softer base binders should result in 
less stiff mixtures with lower embrittlement temperatures. 
 
In Part 2 of the study, only one type of rejuvenator was tested (a Reclamite® emulsion); however, 
there are a plethora of other rejuvenating agents on the market. A comprehensive study on 
various types of rejuvenators (petroleum-based, bio-based, softer base binders, etc.) using the 
same testing techniques is recommended. Additionally, the mixing technique for blending the 
rejuvenated RAS with the virgin materials could be given further consideration. For example, 
one could investigate the effect of the NMAS of the RAS material on embrittlement temperature 
determined from AE testing.  
 
It is apparent that the AE-based test method for estimating the embrittlement temperature of 
asphalt binders containing RAS and/or rejuvenator used in Part 3 of the study requires 
modification. It is first recommended that virgin binder of different PG grades be tested with the 
same test specifications used in this study. This should verify if it is indeed the geometry of the 
test that is dictating the initiation of thermal cracking, since it is known that the different grades 
of binder should have different embrittlement temperatures. Next, it is recommended that 
circular-shaped specimens of the same diameter and varying thickness be tested in an attempt to 
find an optimal thickness that not only prevents debonding, but also allows for the effects of the 
additives on low-temperature performance to be observed. Perhaps different substrates (besides 
granite and aluminum) could also be tested to see if the modified asphalt bonds better to some 
other material. Also, various surface treatments to the substrate could be tested to see if better 
bonding could be promoted. Obviously, different geometries could also be investigated if the 
circular-shaped specimen continues to fail at producing valid data. 
 
 In conclusion, the use of RAS in controlled quantities is supported by the data. The DC(T) and 
AE data from mixture testing verified that the presence of RAS increased the overall stiffness of 
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the mixture, which should improve high-temperature performance at the cost of some 
degradation in the low-temperature performance. Furthermore, the results showed that 
rejuvenators have the potential to abate the losses in low-temperature performance up to a certain 
saturation level. A more comprehensive study on the embrittlement temperature of the binder 
specimens containing RAS and/or rejuvenator would help substantiate these initial findings. 
Overall, it is the author’s opinion that the economic, environmental, and high-temperature 
performance benefits of using RAS in HMA mixtures tend to outweigh the adverse effects on 
low-temperature performance. If the RAS-modified HMA mixture is properly designed with 
careful consideration given to the base binder grade and/or rejuvenators, its use is recommended 
even in cold climates. 
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APPENDIX A:  
CALCULATING THE MASSES FOR MIXTURE CONSTITUENTS 
The mixture design procedure for making virgin or RAS-modified HMA mixtures (with or 
without rejuvenator) is relatively elementary. From the values for the target geometry, the Gmm, 
the air void content, the target binder content, the RAS content, and the assumed RAS binder 
content/participation, the mass of each of the mixture’s constituents can be easily found, see 
Table 5.1. Note that the volumetric data is known for a mixture containing the common 
aggregate blend percentages used for this study. First, the total volume (V) of material is 
calculated from the target geometry (D is the diameter and H is the height of the specimen, 
discounting the percent air voids (VTM).  
 
   
    
 
           (A-1) 
 
Then, the total mass of the mixture (MMix-total) is calculated from the product of volume and 
density, where density is found by multiplying Gmm by the density of water (1x10
6
 g/m
3
). 
 
                       
     ⁄  (A-2) 
 
The total target asphalt binder mass (Mb-total) is 5.9% (Pb-target) of MMix-total, and the total mass of 
the aggregates (MAgg-total) is the difference between MMix-total and Mb-total. That is: 
 
                                             (A-3) 
                                (A-4) 
 
For the virgin mixture, Mb-total and MAgg-total equal the mass of each respective virgin material 
(Mb-virgin= Mb-total and MAgg-virgin=MAgg-total). For the RAS-modified mixtures, however, Mb-total and 
MAgg-total are the sum of the masses of the virgin and RAS materials. To that effect, the mass of 
the RAS material (MRAS) is calculated as a certain percentage (PRAS) of MMix-total. The mass of the 
asphalt binder obtain from the RAS material (Mb-RAS) is approximated as 25% (Pb-RAS) of MRAS. 
Here, 100% RAS binder participation is assumed, so the full 25% RAS asphalt binder content is 
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used. The mass of the remaining RAS materials (MAgg-RAS)—which may include mineral 
aggregate, fiberglass, wood, cellulous, etc.—is simply the difference between MRAS and Mb-RAS. 
That is: 
 
                     (A-5) 
 
                                              
                 
(A-6) 
                      (A-7) 
 
Finally, Mb-virgin and MAgg-virgin are computed for the RAS-modified mixtures by simply taking 
the difference between the total masses and the RAS masses for each constituent. 
 
                           (A-8) 
                                 (A-9) 
 
From these simple calculations, all the essential masses for the mix design are known for both 
virgin and RAS-modified mixtures. 
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APPENDIX B:  
RAS MATERIAL RETAINED IN EACH SIEVE SIZE 
The following figures are photographs of the RAS material retained in each sieve size: 
 
Figure B.1. Pellet-like asphaltic and fibrous RAS material retained in sieve No. 4 (4.76 mm openings)  
 
Figure B.2. Pellet-like asphaltic and fibrous RAS material retained in sieve No. 8 (2.38 mm openings) 
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Figure B.3. Asphaltic and granular RAS material retained in sieve No. 16 (1.19 mm openings) 
 
Figure B.4. Asphaltic and granular RAS material retained in sieve No. 30 (0.595 mm openings) 
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Figure B.5. Asphaltic and granular RAS material retained in sieve No. 50 (0.297 mm openings) 
 
Figure B.6. Asphaltic RAS material retained in sieve No. 100 (0.149 mm openings) 
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Figure B.7. Asphaltic RAS material retained in sieve No. 200 (0.075 mm openings) 
 
 
Figure B.8. Asphaltic RAS material retained in the pan 
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APPENDIX C:  
TYPICAL PLOTS OF AE EVENT ENERGY VERSUS TEMPERATURE 
The following plots are typical examples of plots of the AE event energy versus temperature for 
both mixture and binder specimens. Each point on the plot represents the total energy of an 
individual AE event. The energy is determined by taking the area underneath the squared 
waveform; hence, the energy has units of voltage
2
-time.  
 
Recall that for mixture specimens, the embrittlement temperature (Temb) was defined as the first 
AE event that occurs above the 4 V
2
-μs energy threshold. Also recall that when an event is 
isolated—i.e., as the specimen continues to cool, AE events do not occur at a regular rate after 
such an event—they are neglected and not considered to be the mixture embrittlement 
temperature. 
 
 
Figure C.1. A typical example of AE event energy versus temperature for mixture specimen. This particular 
plot is for a virgin specimen (PG64-22) prepared at a mixing temperature of 155°C.  Note that the isolated 
events that occur between -11°C and -12°C are dismissed. Such events do not represent the embrittlement 
temperature because AE events do not continually occur after the event occurs, which would indicate the 
onset of thermal cracking. 
Temb ≈ -22.1°C 
96 
Recall that for binder specimens, the embrittlement temperature was defined as the first AE 
event that occurs above the 10 V
2
-μs energy threshold such that the rate of events after this point 
is at least 10 events/0.5°C (i.e., 20 events/°C) for all subsequent events. This definition is 
different than that used for the results from AE testing of mixture specimens because there was 
more noise (i.e., groups of isolated AE events that are not representative of the embrittlement 
temperature) observed in the results from AE testing of binder specimens. A higher energy filter 
was applied to further reduce noise, and a constraint on the rate of AE events per change in 
temperature was applied to standardize the start of thermal cracking.  
 
 
Figure C.2. A typical example of AE event energy versus temperature for circular-shaped binder specimen. 
This particular plot is for a binder specimen containing 10.0% RAS and 5.0% rejuvenator.  Note that the 
groups of isolated events that occur at low temperature are dismissed due to the constraint that the density of 
the subsequent AE event must be higher than 20 events/°C. These events do not represent the embrittlement 
temperature because AE events do not continually occur after these point, which would indicate the onset of 
thermal cracking. 
 
 
  
Temb ≈ -34.5°C 
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APPENDIX D:  
TABLE OF ACRONYMS 
ACRONYM MEANING PAGE FIRST USED 
HMA Hot Mix Asphalt 1 
RAP Recycled/Reclaimed Asphalt Pavement 1 
RAS Recycled Asphalt Shingles 1 
NDT or NDE Non-Destructive Testing/Evaluation 1 
AE Acoustic Emission 1 
EPA Environmental Protection Agency 2 
TOSS Tear-Off Scrap Shingles 2 
MWSS Manufacture Waste Scrap Shingles 2 
NESHAP National Emission Standard for Hazardous Air Pollutants 5 
DOT Department of Transportation 7 
DC(T) Disk-shaped Compact Tension 7 
SMA Stone Mastic/Matrix Asphalt 10 
IDT Indirect Tensile 11 
VTM Voids in the Total Mixture 13 
VMA Voids in the Mineral Aggregate 13 
VFA Voids Filled with Asphalt 13 
APA Asphalt Pavement Analyzer 13 
WMA Warm Mix Asphalt 14 
BBR Bending Beam Rheometer 15 
ABCD Asphalt Binder Cracking Device 15 
NMAS Nominal Maximum Aggregate Size 15 
DSR Dynamic Shear Rheometer 18 
HWTD Hamburg Wheel Tracking Device 18 
SBS Styrene-Butadiene-Styrene 19 
TSRST Thermal Stress Restrained Specimen Test 20 
SCB Semi-Circular Bend 20 
HIPR Hot In-Place Recycling 22 
BPR Bituminous Pavement Rejuvenator 23 
RCAT Rotation Cylinder Aging Tester 25 
RV Rotational Viscometer 26 
DTT Direct Tension Tester 26 
UPV Ultrasonic Pulse Velocity 28 
GPR Ground Penetrating Radar 28 
CMOD Crack Mouth Opening Displacement 32 
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